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PREFACE 


The overwhelming response to the previous editions of this book gives 
me an immense feeling of satisfaction and I take this an opportunity to 
thank all the teachers and the whole student community who have found 
this book really beneficial. 


In the present scenario of ever-changing syllabus and the test pattern of 
JEE Main & Advanced, the NEW EDITION ofthis book is an effort to 
cater all the difficulties being faced by the students during their 
preparation of JEE Main & Advanced. The exercises in this book have 
been divided into two sections viz., JEE Main & Advanced. Almost all 
types and levels of questions are included in this book. My aim is to 
present the students a fully comprehensive textbook which will help and 
guide them for all types of examinations. An attempt has been made to 
remove all the printing errors that had crept in the previous editions. I 
am extremely thankful to (Dr.) Mrs. Sarita Pandey, Mr. Anoop Dhyani, 
Nisar Ahmad for their endless efforts during the project. 


Comments and criticism from readers will be highly appreciated and 
incorporated in the subsequent editions. 


DC Pandey 
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23.1 Introduction 


An electrical circuit consists of some active and passive elements. The active elements such as a 
battery or a cell, supply electric energy to the circuit. On the contrary, passive elements consume or 
store the electric energy. The basic passive elements are resistor, capacitor and inductor. 


A resistor opposes the flow of current through it and if some current is passed by maintaining a 
potential difference across it, some energy is dissipated in the form of heat. A capacitor is a device 
which stores energy in the form of electric potential energy. It opposes the variations in voltage. An 
inductor opposes the variations in current. It does not oppose the steady current through it. 
Fundamentally, electric circuits are a means for conveying energy from one place to another. As 
charged particles move within a circuit, electric potential energy is transferred from a source (such as 
a battery or a cell) to a device in which that energy is either stored or converted to another form, like 
sound in a stereo system or heat and light in a toaster or light bulb. Electric circuits are useful because 
they allow energy to be transported without any moving parts (other than the moving charged 
particles themselves). 

In this chapter, we will study the basic properties of electric currents. We'll study the properties of 
batteries and how they cause current and energy transfer in a circuit. In this analysis, we will use the 
concepts of current, potential difference, resistance and electromotive force. 


23.2 Electric Current 


Flow of charge is called electric current. The direction of electric current is in the direction of flow of 
positive charge or in the opposite direction of flow of negative charge. 


Current is defined quantitatively in terms of the rate at which net charge passes through a 
cross-section area of the conductor. 


dq . dq 
=— or i-— 
dt dt 


We can have the following two concepts of current, as in the case of velocity, instantaneous current 
and average current. 


Thus, I 


d : f 
Instantaneous current = E: — current at any point of time and 
t 


Average current = = 
t 


Hence-forth unless otherwise referred to, current would signify instantaneous current. By 
convention, the direction of the current is assumed to be that in which positive charge moves. In the SI 
system, the unit of current is ampere (A). 


1A=1C/s 
Household currents are of the order of few amperes. 
Flow of Charge 
If current is passing through a wire then it implies that a charge is flowing through that wire. Further, 
d 
iz > dq=idt ...(i) 


dt 
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Now, three cases are possible : 


Case 1 


directly by multiplying that constant current with the given time interval. Or, 


Aq =ix At 
Case2, lIfgiven current is a function of time, then charge flow can be obtained by integration. Or, 
tf 
Aq = | idt 
ti 
Case 3| If current versus time is given, then flow of charge can be obtained by the area under the 
graph. 


Aq = area under i -t graph 


€» Extra Points to Remember 


The current is the same for all cross-sections of a conductor of non-uniform cross-section. Similar to the 
water flow, charge flows faster where the conductor is smaller in cross-section and slower where the 
conductor is larger in cross-section, so that charge rate remains unchanged. 

Electric current is very similar to water current, consider a water tank kept at some height and a pipe is 
connected to the water tank. The rate of flow of water through the pipe depends on the height of the tank. 
As the level of water in the tank falls, the rate of flow of water through the pipe also gets reduced. Just as 
the flow of water depends on the height of the tank or the level of water in the tank, the flow of current 
through a wire depends on the potential difference between the end points of the wire. As the potential 
difference is changed, the current will change. For example, during the discharging of a capacitor 
potential difference and hence, the current in the circuit decreases with time. To maintain a constant 
current in a circuit a constant potential difference will have to be maintained and for this a battery is used 
which maintains a constant potential difference in a circuit. 

Though conventionally a direction is associated with current (opposite to 
the motion of electrons), it is not a vector as the direction merely represents 
the sense of charge flow and not a true direction. Further, current does not 
obey the law of parallelogram of vectors, i.e. if two currents /, andi, reach 
a point we always have | = i, + ip whatever be the angle between /, and i;. 


According to its magnitude and direction, current is usually divided into two 
types : 
(i) Direct current (DC) If the magnitude and direction of current does not vary with time, it is said to be 
direct current (DC). Cell, battery or DC dynamo are its sources. 
(ii) Alternating current (AC) If a current is periodic (with constant amplitude) and has half cycle positive 
and half negative, it is said to be alternating current (AC). AC dynamo is the source of it. 
If a charge q revolves in a circle with frequency f, the equivalent current, 
i egli 
In a conductor, normally current flow or charge flow is due to flow of free electrons. 


Fig. 23.1 


Charge is quantised. The quantum of charge ise. The charge on any body will be some integral multiple of 
e, i.e. 

OE 3E me 
Whee wa syn Gare 


3 


If given current is constant, then from Eq. (i) we can see that flow of charge can be obtained 
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© Example 23.1 Ina given time of 10 s, 40 electrons pass from right to left. In 
the same interval of time 40 protons also pass from left to right. Is the average 
current zero? If not, then find the value of average current. 


Solution No, the average current is not zero. Direction of current is the direction of motion of 
positive charge or in the opposite direction of motion of negative charge. So, both currents are 
from left to right and both currents will be added. 


I, =1 +1 


av electron proton 


40e 40e 
= XM ———À 

10 10 
=8e 
=8x1.6x10 A 


(q ne) 


2128x1075A Ans. 


© Example 23.2 A constant current of 4 A passes through a wire for 8 s. Find 
total charge flowing through that wire in the given time interval. 


Solution Since, i= constant 
Aq=ixAt 
=4x8 
=32C 
© Example 23.3 A wire carries a current of 2.0 A. What is the charge that has 


flowed through its cross-section in 1.0 s? How many electrons does this 
correspond to? 


Solution :'*- i ad 
t 
q = it = (2.0 A) (1.0s)= 2.0 C Ans. 
q=ne 
-14220 -— 
e l6x10?? 
=1.25x 10! Ans. 


© Example 23.4 The current in a wire varies with time according to the relation 
i =(3.0 A) + (2.0 A/s)t 
(a) How many coulombs of charge pass a cross-section of the wire in the time interval 
between t = 0 and t = 4.0 s? 


(b) What constant current would transport the same charge in the same time 
interval? 
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Solution (a) i=— 


=(* G42) 
q=|, G*204dt 


=[3¢+07]) =[12+16] 
=28C Ans, 
28 


(b) i222 7 -7A Ans. 
t 4 


© Example 23.5 Current passing through a wire decreases linearly from 10 A to 
0 in 4 s. Find total charge flowing through the wire in the given time interval. 


Solution Current versus time graph is as shown in figure. i (A) 
Area under this graph will give us net charge flow. 10 
Hence, 
Aq = Area 
= i X base x height d t (s) 
1 Fig. 23.2 
- 5 x4x10 
=20C Ans. 
INTRODUCTORY EXERCISE 


1. How many electrons per second pass through a section of wire carrying a current of 0.7 A? 


2. A current of 3.6 A flows through an automobile headlight. How many coulombs of charge flow 
through the headlight in 3.0 h? 

3. A current of 7.5 A is maintained in wire for 45 s. In this time, 
(a) how much charge and 
(b) how many electrons flow through the wire? 

4. In the Bohr model, the electron of a hydrogen atom moves in a circular orbit of radius 
5.3 x 10! m with a speed of 2.2 x 10° m/s. Determine its frequency f and the current / in the 
orbit. 


5. The current through a wire depends on time as, i =(10 + 4t) 


Here, i is in ampere and t in seconds. Find the charge crossed through a section in time interval 
between f 20 to t 2 10s. 


6. In an electrolyte, the positive ions move from left to right and the negative ions from right to left. 
Is there a net current? If yes, in what direction? 
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23.3 Electric Currents in Conductors 


Conductors are those materials which can conduct electricity. Conductors can be broadly classified 
into two groups : 

(i) Solid conductors 

(ii) Electrolyte conductors 
Normally in atoms and molecules, the negatively charged electrons and the positively charged nuclei 
are bound to each other and are thus not free to move. In solid conductors (notably metals), some of 
the electrons (called free electrons) are free to move within the bulk materials. In these conductors, 
current flow takes place due to these free electrons. Positive ions in these conductors are almost 
fixed. They do not move. So, they do not contribute in the current. In electrolyte solutions however, 
both positive and negative ions can move. 
In our following discussions, we will focus only on solid conductors so that the current is carried by 
the negatively charged free electrons in the background of fixed positive ions. 


Theory of Current Flow through Solid Conductors 


At room temperature, the free electrons in a conductor move randomly with speeds of the order of 
10? m/s. Since, the motion of the electrons is random, there is no net charge flow in any direction. For 
any imaginary plane passing through the conductor, the number of electrons crossing the plane in one 
direction is equal to the number crossing it in the other direction. Therefore, net current is zero from 


any section. 


Fig. 23.3 


When a constant potential difference V is applied between the ends of the conductor as shown in 
Fig. 23.4, an electric field E is produced inside the conductor. The conduction electrons within the 
conductor are then subjected to a force — eE and move overall in the direction of increasing potential. 


— E -3-3 <3 
i IM 
oVo Vo 


Fig. 23.4 


However, this force does not cause the electrons to move faster and faster. Instead, a conduction 
electron accelerates through a very small distance (about 5 x 107$ m) and then collides with fixed 
ions or atoms of the conductor. Each collision transfers some of the electron’s kinetic energy to the 
ions (or atoms). Because of the collision, electron moves slowly along the conductor or we can say 
that it acquires a drift velocity vy in the direction opposite to E (in addition to its random motion.) 
The drift motion of free electrons produce an electric current in the opposite direction of this motion 
or in the direction of electric field (from higher potential to lower potential). It is interesting to note 
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that the magnitude ofthe drift velocity is ofthe order of 1074 m/s or about 10? times smaller than the 
average speed of the electrons of their random (or thermal) motion. The above discussion can be 
summarized as follows : 
1. Free electrons inside a solid conductor can have two motions : 
(i) random or thermal motion (speed of the order of 10° m/s) 

(ii) drift motion (speed of the order of 10 ^ m/s) 
2. Net current due to random (or thermal motion) is zero from any section, whereas net current due to 

drift motion is non-zero. 


3. In the absence of any electric field (or a potential difference across the conductor) free electrons 
have only random motion. Hence, net current from any section is zero. 


4. In the presence of an electric field (or a potential difference across the conductor) free electrons 
have both motions (random and drift). Therefore, current is non-zero due to drift motion. 


5. Drift motion of free electrons is opposite to the electric field. Therefore, direction of current is in 
the direction of electric field from higher potential to lower potential. 


6 Example 23.6 Electric field inside a conductor is always zero. Is this 
statement true or false? 


Solution False. Under electrostatic conditions when there is no charge flow (or no current) in 
the conductor, electric field is zero. If current is non-zero, then electric field is also non-zero. 
Because the drift motion (of free electrons) which produces a net current starts only due to 
electric force on them. 


INTRODUCTORY EXERCISE 


1. All points of a conductor are always at same potential. Is this statement true or false? 


23.4 Drift Velocity and Relaxation Time 


As discussed before, in the presence of electric field, the free electrons experience an electric force of 


magnitude. 
F=gE or eE (as q=e) 
This will produce an acceleration of magnitude, 
F E 
ch (m = mass of electron) 
m m 


Direction of force (and acceleration) is opposite to the direction of electric field. 

After accelerating to some distance an electron will suffer collisions with the heavy fixed ions. The 
collisions of the electrons do not occur at regular intervals but at random times. 

Relaxation time is the average time between two successive collisions. Its value is of the order of 
107!4 second. 

After every collision, let us assume that drift motion velocity of electron becomes zero. Then, it 
accelerates for a time interval t, then again it collides and its drift motion velocity becomes zero and 
so on. 
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If v, is the average constant velocity (called drift velocity) in the direction of drift motion, then 
relation between v, and t is given by 
eEx 
Vq =] 
m 


© Extra Points to Remember 


e |n some standard books of Indian authors, the relation is given as 


eFt 
Vy = 
d 2m 


Initially, | was also convinced with this expression. But later on after consulting many more literatures in 
this. | found that v, ess is correct. But at this stage it is very difficult for me to give its correct proof. 
m 


Because the correct proof requires a knowledge of high level of physics which is difficult to understand for 
a class XII student. 


Current and Drift Velocity 


Consider a cylindrical conductor of cross-sectional area A in which an electric field E exists. Drift 
velocity of free electrons is v; and n is number of free electrons per unit volume (called free electron 
density). 


Consider a length v4 At of the conductor. 
The volume of this portion is Av, At. 
Number of free electrons in this volume - (free electron density ) x (volume) 
= (n) (Av, At) 
—- nÁv, At 
All these electrons cross the area A in time At. 
Thus, the charge crossing this area in time At is 
Aq = (nAv, At) (e) 


, Aq 
Or i= A =neAv, 
or i=neAv, 


Thus, this is the relation between current and drift velocity. 
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Current Density 


Current per unit area (taken normal to the current), i / A is called current density and is denoted by J. 
The SI units of current density are A/ m°’. Current density is a vector quantity j directed along E. 


But i = neAv, , therefore 


© Extra Points to Remember 
e Drift velocity of electrons in a conductor is of the order of 10 ^ m/s, then question arises in everybody's 
mind that why a bulb glows instantly when switched on? Reasonis : when we close the circuit, electric field 
is set up in the entire closed circuit instantly (with the speed of light). Due to this electric field, the free 
electrons instantly get drift velocity in the entire circuit and a current is established in the circuit instantly. 
The current so set up does not wait for the electrons to flow from one end of the conductor to the other end. 
e |f a current / is flowing through a wire of non-uniform cross-section, i1 12 
then current will remain constant at all cross-sections. But drift velocity 
and current density are inversely proportional to the area of 
cross-section. This is because 


i -neAv, or Vv, eal or V ew 
d A GET i i 
wr 4 Fig. 23.6 
Further, ja> 0 jes 
A A 
So, in the figure /, =/, = i but, (Vj); > (Vy), and j; > j4 because A, « A, 


Note Later we can also prove that electric field at 2 is also more than electric field at 1. 


© Example 23.7 An electron beam has an aperture of 1.0 mm”. A total of 
6.0 x 106 electrons go through any perpendicular cross-section per second. Find 
(a) the current and (b) the current density in the beam. 
Solution (a) The current is given by 


Substituting the values we have, 
;— (60x 10 3165c 1077) 


1 
=9.6x 10° A Ans. 
(b) The current density is 
i 96x10” 
^ 4 10 
=9.6x 10° A/m? Ans. 
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© Example 23.8 Calculate the drift speed of the electrons when 1A of current 
exists in a copper wire of cross-section 2mm”. The number of free electrons in 
1cm? of copper is 8.5 x 10%”. 


Solution n= free electron density, 
=8.5x10” per cm? (Given) 
= (8.5 x 10? )(10° ) per m? 
=8.5x 1075 per m? 


From i= neAv,, we get 


Substituting the values in SI units we have, 
1 


"m 
7 (85x10? 1.6x10-? 2x 1075) 
= 3.6x 10? m/s Answer 


INTRODUCTORY EXERCISE 


1. When a wire carries a current of 1.20 A, the drift velocity is 1.20 x 107^m/s. What is the drift 
velocity when the current is 6.00 A? 


2. Find the velocity of charge leading to 1 A current which flows in a copper conductor of 
cross-section 1cm? and length 10 km. Free electron density of copper is 8.5 x 10?9/m?. How 
long will it take the electric charge to travel from one end of the conductor to the other? 


23.5 Resistance of a Wire 


Resistance of a wire is always required between two points or two surfaces (say P and Q). 
I 


p—t] Q 


A 
Fig. 23.7 
Here, /= length of wire, A = area of cross-section 
Now, Rel .. (i) 
1 
and R e — „(ii 
F (i) 


Combining Eqs. (i) and (ii), we get 


.. (iii) 
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Here, p 1s called resistivity of the material of the wire. This depends on number of free electrons 
present in the material. With increase in number of free electrons the value of p decreases. 
Note ()0p- x where o = conductivity. 
fo} 

(i) SI units of resistivity are Q-m (ohm-metre). 

(ii) SI units of conductivity are (Q-m) *. 

(iv) In Eq. (iti), Lis that dimension of conductor which is parallel to P and Q and A is that cross-sectional area, 

which is perpendicular to P and Q. 


© Example 23.9 Two copper wires of the same length have got different 
diameters, 
(a) which wire has greater resistance? 
(b) greater specific resistance? 


Solution (a) For a given wire, R 2p - , Le. R -— 
So, the thinner wire will have greater resistance. 


(b) Specific resistance (p)is a material property. It does not depend on / or A. 


So, both the wires will have same specific resistance. 


© Example 23.10 A wire has a resistance R. What will be its resistance if it is 
stretched to double its length? 


Solution Let V be the volume of wire, then 


V — AI 
V 
l 
LE l p 
Substituting this in R =p d! we have R=p F 
So, for given volume and material (i.e.V and p are constants) 
R«Dp 


When / is doubled, resistance will become four times, or the new resistance will be 4R. 


6 Example 23.11 The dimensions of a conductor of specific resistance p are 
shown below. Find the resistance of the conductor across AB, CD and EF. 


E «— — e c E ] OF 
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Solution R-p 2 
A 


Resistance across AB, CD and EF in tabular form is shown below. 


Table 23.1 
l A B 
AB C axb E 
ab 
CD b axc ps 
ac 
EF a bxc ic 
bc 


© Example 23.12 A copper wire is stretched to make it 0.1% longer. What is the 


percentage change in its resistance? (JEE 1978) 
Solution R=p = = pr (V = volume of wire) 
A VII 

_ pl? 
V 
Ræ? (pandV = constant) 


For small percentage change 
% change R = 2 (96 change in /) = 2 (0.1%) 2 0.2% 


Since R œ l A with increase in the value of /, resistance will also increase. 


INTRODUCTORY EXERCISE 


1. In household wiring, copper wire 2.05 mm in diameter is often used. Find the resistance of a 
35.0 m long wire. Specific resistance of copper is 1.72 x 10? Q-m. 


2. The product of resistivity and conductivity of a conductor is constant. Is this statement true or 
false? 

3. You need to produce a set of cylindrical copper wires 3.50 m long that will have a resistance of 
0.125 Q each. What will be the mass of each of these wires? Specific resistance of 
copper = 1.72 x 10® Q-m, density of copper = 8.9 x 10? kg/m?. 


4. Consider a thin square sheet of side L and thickness f, made of a = N 
material of resistivity p. The resistance between two opposite faces, 
shown by the shaded areas in the figure is (JEE 2010) 
(a) directly proportional to L | 
b) directly proportional to t ——— 


(b) 
(c) independent of L 
(d) independent of t Fig. 23.9 
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23.5 Temperature Dependence of Resistance 


If we increase the temperature of any material, the following two effects can be observed : 
(i) Numbers of free electrons increase. Due to this effect conductivity of the material increases. So, 
resistivity or resistance decreases. 


(ii) The ions of the material vibrate with greater amplitude and the collision between electrons and 
ions become more frequent. Due to this effect resistivity or resistance ofthe material increases. 


In Conductors 


There are already a large number of free electrons. So, with increase in temperature effect-(1) is not so 
dominant as effect-(1)). Hence, resistivity or resistance of conductors increase with increase in 
temperature. 


Over a small temperature range (upto 100?C), the resistivity of a metal (or conductors) can be 
represented approximately by the equation, 


p(T) 2po +a (T - To)] --{i) 


where, pọ is the resistivity at a reference temperature Tọ (often taken as 0°C or 20°C) and p (T) is the 
resistivity at temperature 7, which may be higher or lower than Tọ. The factor œ is called the 
temperature coefficient of resistivity. 


The resistance of a given conductor depends on its length and area of cross-section besides the 
resistivity. As temperature changes, the length and area also change. But these changes are quite 
small and the factor // 4 may be treated as constant. 


Then, Rep andhence | R(T)-Rg[1*& (T — T5)] .. (il) 


In this equation, R (T) is the resistance at temperature T and Rọ is the resistance at temperature T), 
often taken to be 0°C or 20°C. The temperature coefficient of resistance & is the same constant that 


l : 
appears in Eq. (1), if the dimensions / and A in equation R =p F do not change with temperature. 


In Semiconductors 


At room temperature, numbers of free electrons in semiconductors (like silicon, germanium etc.) are 
very less. So, with increase in temperature, effect-(1) is very dominant. Hence, resistivity or resistance 
of semiconductors decreases with increase in temperature or we can say that temperature coefficient 
of resistivity & for semiconductors is negative. 


© Example 23.13 The resistance of a thin silver wire is 1.0 Q at 20°C. The wire 
is placed in a liquid bath and its resistance rises to 1.2 Q. What is the 
temperature of the bath? a for silver is 3.8 x 10? /*C. 


Solution R(T)- Rg[1* a (T — T,)] 

Here, R(T)=1.2Q, RQ-100, a=38x107/°C and 7,-20*C 

Substituting the values, we have 1.22 1.0[14- 3.8x 10? (T — 20)] 

or 3.8x10? (T - 20)= 02 

Solving this, we get T-272.0C Ans. 
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Example 23.14 Read the following statements carefully (JEE 1993) 

Y: The resistivity of semiconductor decreases with increase of temperature. 

Z: In a conducting solid, the rate of collisions between free electrons and ions 
increases with increase of temperature. 

Select the correct statement (s) from the following 

(a) Y is true but Z is false (b) Y is false but Z is true 

(c) Both Y and Z are true (d) Y is true and Z is the correct reason for Y 

Solution Resistivity of conductors increases with increase in temperature because rate of 

collisions between free electrons and ions increase with increase of temperature. However, the 

resistivity of semiconductors decreases with increase in temperature, because more and more 

covalent bonds are broken at higher temperatures and free electrons increase with increase in 

temperature. Therefore, the correct option is (c). 


Example 23.15 An electric toaster uses nichrome for its heating element. 
When a negligibly small current passes through it. Its resistance at room 
temperature (27.0 °C) is found to be 75.3 Q. When the toaster is connected to a 
230 V supply, the current settles, after a few seconds, to a steady value of 

2.68 A. What is the steady temperature of the nichrome element? The 
temperature coefficient of resistance of nichrome averaged over the temperature 
range involved, is 1.70 x 10 * poa 


Solution Given, Tọ 2 27? C and Ry = 75.3 Q 


At temperature T, Ry = a (r = r) 
T 
- = = 85820 
Using the equation, Rr =R [l+a(T-T)] 
We have 85.82 = 75.3 [1+ (1.70 x 10* )(T — 27)] 
Solving this equation, we get T = 850°C Ans. 


Thus, the steady temperature of the nichrome element is 850°C. 


INTRODUCTORY EXERCISE 


1 


2. 


. A piece of copper and another of germanium are cooled from room temperature to 80 K. The 
resistance of (JEE 1988) 
(a) each of them increases 
(b) each of them decreases 
(c) copper increases and germanium decreases 
(d) copper decreases and germanium increases 


The resistance of a copper wire and an iron wire at 20°C are 4.1Q and 3.9 Q, respectively. 
Neglecting any thermal expansion, find the temperature at which resistances of both are equal. 
acu = 4.0 x107 K7! and ape= 5.0 x 10? K7. 
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23.7 Ohm’s Law 


The equation, V = iR is not Ohm's law. It is a mathematical relation between current passing through 
a resistance, value of resistance R and the potential difference V across it. 


V 


According to Ohm's law, there are some of the materials (like metals or 
conductors) or some circuits for which, current passing through them is 
proportional to the potential difference applied across them or 


tan 0 = slope 
=R 


ixV or Vai 


V 
=> V=ik or — =R =constant 
i 


Ohmic 
Fig. 23.10 


or V- i graph for such materials and circuits is a straight line passing through 
origin. Slope of this graph is called its resistance. The materials or circuits 
which follow this law are called ohmic. 


The materials or circuits which do not follow this law are called non-ohmic. V- i graph for non-ohmic 


circuits is not a straight line passing through origin. — or R is not constant and iis not proportional to V. 
i 


Non-ohmic 
Fig. 23.11 


Note Equation V — iR is applicable for even non-ohmic circuits also. 


For example, n = R, = resistance at P. 
4 
V . 
— = R, = resistance at Q, but 
l2 
R, #R, 


© Example 23.16 The current-voltage graphs for a given metallic wire at two 
different temperatures T, and T, are shown in the figure. The temperature T, is 
greater than T,. Is this statement true or false? (JEE 1985) 
l 


Fig. 23.12 
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T ] 1 
— = Slope of given graph = — 
y p g grap R 
R : = (Slope); < (Slope) => : > l 
* "^ ^ (Slope); (Slope) 


Resistance of a metallic wire increases with increase in temperature. 


or Rr >Rz or D21. 


Solution 


or 


Therefore, the statement is true. 


23.8 The Battery and the Electromotive Force 


Before studying the electromotive force (emf) of a cell let us take an example of 
a pump which is more easy to understand. Suppose we want to recycle water 


Overhead tank 


between a overhead tank and a ground water tank. Water flows from overhead 4 i 
tank to ground water tank by itself (by gravity). No external agent is required "EC i 
for this purpose. But to raise the water from ground water tank to overhead tank = 

a pump is required or some external work has to be done. In an electric circuit, a 4 
battery or a cell plays the same role as the pump played in the above example. Ground water tank 
Suppose a resistance (R) is connected across the terminals of a battery. Hg sgt3 

A potential difference is developed across its ends. Current (or 

positive charge) flows from higher potential to lower potential across > H NW 

the resistance by itself. But inside the battery, work has to be done to R 

bring the positive charge from lower potential to higher potential. The 4 I 
influence that makes current flow from lower to higher potential | 

(inside the battery) is called electromotive force (abbreviated emf). If Hil ` 

W work is done by the battery in taking a charge q from negative Fig. 23.14 


terminal to positive terminal, then work done by the battery per unit 
charge is called emf (£) of the battery. 


Thus, E=— 
q 


The name electromotive force is misleading in the sense that emfis not a force it is work done per unit 
charge. The SI unit of emf is J/C or V (1 V z1 J/C ). 


23.9 Direct Current Circuits, Kirchhoff's Laws 


Single current in a simple circuit (single loop) can be found by the relation, 
ev 10V 6V E 
aa Amh pibe 


i 


Y 


30 20 R 
(a) (b) (c) 


Fig. 23.15 
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_ metemf — E, 


i= : - 
net resistance Ryo 


For example : 
In Fig. (a) Net emf is 6 V and net resistance is 3 Q. Therefore, 


i= 9 =2A 
3 
In Fig. (b) Net emf= (10-6) V=4V 
and Net resistance =2 Q 
Therefore, i= i =2A 


In Fig. (c) We have n cells each of emf E. Of these polarity of m cells (where n > 2m) is reversed. 
Then, net emf in the circuit is (7 — 2m) E and resistance of the circuit is R. Therefore, 


._ (n—2m)E 
poe ou 
Resistors in Series and in Parallel 
In series : 


Fig. 23.16 


Figure represents a circuit consisting of a source of emf and two resistors connected in series. We are 
interested in finding the resistance R of the network lying between A and B. That is, what single 
equivalent resistor R would have the same resistance as the two resistors linked together. 

Because there is only one path for electric current to follow, i must have the same value everywhere in 
the circuit. The potential difference between A and B is V. This potential difference must somehow be 
divided into two parts V, and V, as shown, 


Let R be the equivalent resistance between A and B, then 
V —iR ...(ii) 


From Eqs. (i) and (ii), 


R=R, +R, for resistors in series 


This result can be readily extended to a network consisting of n resistors in series. 
R = R, + R, Puwes F R 
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In parallel : i 


vo, 


Fig. 23.17 


In Fig. 23.17, the two resistors are connected in parallel. The voltage drop across each resistor is equal 
to the source voltage V. The current i, however, divides into two branches, which carry currents į and 


in. 
i=i +i, ...(iii) 
If R be the equivalent resistance, then 
V. 4 PERSO 
i=—, i -— and i, =— 
R R; R, 


Substituting in Eq. (iii), we get 


1 1 1 ; ; 
— =— + — for resistors in parallel 
R R R 


This result can also be extended to a network consisting of n resistors in parallel. The result is 


1 1.a 1 
—=—+—4...... +— 
R R, R, R 


© Example 23.17 Compute the equivalent resistance of the network shown in 
figure and find the current i drawn from the battery. 


18V 
< L < 
I 1 
Y 69 A 
40 
30 
Fig. 23.18 
Solution The 6Q and 3Q resistances are in parallel. Their equivalent resistance is 
18V ] 
| i 
< | H <4 
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—=-+- or R=2Q0 
R 6 
Now, this 2 Q and 4 Q resistances are in series and their equivalent resistance is 4+ 2= 6 Q. 
Therefore, equivalent resistance of the network = 6 Q. Ans. 
: 18V 
I 
-wW- 
60 
Fig. 23.20 


Current drawn from the battery is 


netemf 18 
netresistance 6 
=3A Ans. 


Kirchhoff’s Laws 


Many electric circuits cannot be reduced to simple series-parallel combinations. For example, two 
circuits that cannot be so broken down are shown in Fig. 23.21. 


Ry Fi A 
A WW- | B C B D 
RŠ R2 RŠ R4 
Fio jE? 
D—w i c L E a 
E1 
wie E Ee — —s 
F 
| —Nw- H 
R5 
(a) (b) 
Fig. 23.21 


However, it is always possible to analyze such circuits by applying two rules, devised by Kirchhoff in 
1845 and 1846 when he was still a student. 


First there are two terms that we will use often. 


Junction 


A junction in a circuit is a point where three or more conductors meet. Junctions are also called nodes 
or branch points. 


For example, in Fig. (a) points D and C are junctions. Similarly, in Fig. (b) points B and F are junctions. 


Loop 


A loop is any closed conducting path. For example, in Fig. (a) ABCDA, DCEFD and ABEFA are 
loops. Similarly, in Fig. (b), CBFEC, BDGFB are loops. 
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Kirchhoff’s rules consist of the following two statements : 


Kirchhoff's Junction Rule 
The algebraic sum of the currents into any junction is zero. 


That is, Y i=0 

junction 
This law can also be written as, “the sum of all the currents directed towards a 
point in a circuit is equal to the sum of all the currents directed away from that 
point." 
The junction rule is based on conservation of electric charge. No charge can 
accumulate at a junction, so the total charge entering the junction per unit 
time must equal to charge leaving per unit time. Charge per unit time is Fig. 23.22 
current, so if we consider the currents entering to be positive and those 
leaving to be negative, the algebraic sum of currents into a junction must be 
Zero. 


Kirchhoff's Loop Rule 


The algebraic sum of the potential differences in any loop including those associated emf's and those 
of resistive elements, must equal zero. 


That is, y, AV =0 

closed loop 
Kirchhoff’s second rule is based on the fact that the A E E B 
electrostatic field is conservative in nature. This result *— + — — E a? 
states that there is no net change in electric potential  -------- -Path se > Path 
around a closed path. Kirchhoff s second rule applies only AV=Vg-V,a=+E AV = Vg- VA-—E 
for circuits in which an electric potential is defined at each Fig. 23.23 
point. This criterion may not be satisfied if changing 
electromagnetic fields are present. 


In applying the loop rule, we need sign conventions. First assume a direction for the current in each 
branch of the circuit. Then starting at any point in the circuit, we imagine, travelling around a loop, 
adding emf's and iR terms as we come to them. 


When we travel through a source in the direction from — to +, the emf is considered to be positive, 
when we travel from + to —, the emf is considered to be negative. 


When we travel through a resistor in the same direction as the assumed current, the iR term is negative 
because the current goes in the direction of decreasing potential. When we travel through a resistor in 
the direction opposite to the assumed current, the iR term is positive because this represents a rise of 
potential. 


R i R i 
A e— W- eB A —— WwW- +B 
saanen > Path o Path 
AV = Vg- V4 = -iR AV = Vg- V4 = *iR 
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Note It is advised to write H (for higher potential) and L (for lower potential) across all the batteries and 
resistances of the loop under consideration while using the loop law. Then write — while moving from H to L 
and + for L to H. Across a battery write H on positive terminal and L on negative terminal. Across a 
resistance keep in mind the fact that current always flows from higher potential (H) to lower potential (L). 
For example, in the loop shown in figure we have marked H and L across all batteries and resistances. Now 
let us apply the second law in the loop ADCBA. 


Ei R, 
B— Wc 
H' LH L 
L 
f — ES 
AT H 
iy 
L H 
A —— —WwN- * D 
R2 
Fig. 23.25 
The equation will be +iR, —E, +iR, +E =0 


© Example 23.18 Find currents in different branches of the electric circuit 
shown in figure. 


49 B22 
A A- WW- C 
2V 1. ao “> 6V 
F D 


WW WW 
20 E 40 
Fig. 23.26 

HOW TO PROCEED Jn this problem there are three wires EFAB, BE and BCDE. 
Therefore, we have three unknown currents i,,i, and i4. So, we require three 
equations. One equation will be obtained by applying Kirchhoffs junction law (either 
at B or at E) and the remaining two equations, we get from the second law (loop law). 
We can make three loops ABEFA, ACDFA and BCDEB. But we have to choose any 
two of them. Initially, we can choose any arbitrary directions of i,, i; and i. 


Solution Applying Kirchhoff's first law (junction law) at junction B, 


4Q 20 
A X NN E B3 Hc 
l4 I3 
L lie H 
H 
2X ^ AV (2 = 6V 
L H É 
^ hL H l3 L H 
F MM E -—NW- D 
20 40 
Fig. 23.27 
i =i, +i a) 


Applying Kirchhoff's second law in loop 1 (ABEFA), 
-4i +4-2i +2=0 ...(ii) 
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Applying Kirchhoff's second law in loop 2 (BCDEB), 


Solving Eqs. (1), (ii) and (iii), we get 


ij =1A 
. 8 
573 

5 
i, =-—A 
2 


Here, negative sign of i, implies that current i, is in opposite direction of what we have 


assumed. 


...(iii) 


Ans. 


© Example 23.19 In example 23.18, find the potential difference between points 


F and C. 


HOW TO PROCEED To find the potential difference between any two points of a circuit 
you have to reach from one point to the other via any path of the circuit. It is 
advisable to choose a path in which we come across the least number of resistors 


preferably a path which has no resistance. 
Solution Let us reach from F to C via A and B, 
Vs 2-44 525 = 


Substituting, į -1A and i=- ŽA, we get 


Ve -Ve =- Í volt 


Here, negative sign implies that Vp < V. . 


Ans. 


The potential difference across a real source in a circuit is not equal to the emf ofthe cell. The reason 
is that charge moving through the electrolyte of the cell encounters resistance. We call this the 
internal resistance of the source, denoted by r. If this resistance behaves according to Ohm's law ris 
constant and independent of the current i. As the current moves through r, it experiences an associated 
drop in potential equal to ir. Thus, when a current is drawn through a source, the potential difference 
between the terminals of the source is 


V-E-ir 
This can also be shown as below. 
E Er 
A e MM ———eB 
Fig. 23.28 
V,—-E-tirzVg 


or 


V} -Vg -E-ir 
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The following three special cases are possible : 

(i) If the current flows in opposite direction (as in case of charging of a battery), then V =F + ir 
(ii) V = E, if the current through the cell is zero. 
(iii) V =0, if the cell is short circuited. 


This is because current in the circuit 


E Short 
= circuited 
" 
Or Esir 
E T 
E-ir-0 Fig. 23.29 
or y =0 
Thus, we can summarise it as follows : 
E : 
ALAA V-E-ir Or V«E 
i 
E r 
—— E-AW——Á— V=E+ir or V>E 
E r 
— a y Y y V-E if i=0 
ndm È . i 
"po Fe if short circuited 
E r 
2A 


O 
Fig. 23.30 Potential rise and fall in a circuit. 
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© Extra Points to Remember 


e Infigure (a): There are eight wires and hence, will have eight currents or 


eight unknowns. The eight wires are AB, BC, CE, EA, AD, BD, CD and ED. 
Number of independent loops are four. Therefore, from the second law we 
can make only four equations. Total number of junctions are five (A, B, C, D 
and E). But by using the first law, we can make only four equations (one 
less). So, the total number of equations are eight. 

In figure (b) : Number of wires are six (AB, BC, CDA, BE, AE and CE). 
Number of independent loops are three so, three equations can be obtained 
from the second law. Number of junctions are four (A, B, C and E) so, we can 
make only three (one less) equations from the first law. But total number of 
equations are again six. 


Short circuiting : Two points in an electric circuit directly connected by a 
conducting wire are called short circuited. Under such condition both points 
are at same potential. 

For example, resistance R, in the adjoining circuit is short circuited, i.e. 
potential difference across it is zero. Hence, no current will flow through R, 
and the current through R, is therefore, E/R;. 


Earthing: |f some point of a circuit is earthed, then its potential is taken to 
be zero. 


For example, in the adjoining figure, 


V m We, =O 
Ve =Vo =Vp =-3V 

Ve =-9V 
E Vp —Ve=9V 
or current through 2 Q resistance is 

Va = Y or 9A 

Similarly, Va -Vp=3V 
and the current through 4 Q resistance is aoe or =A (from A to F) 


For a current flow through a resistance there must be a potential difference 
across it but between any two points of a circuit the potential difference may be 


zero. 
For example, in the circuit, 
netemf =3V and  netresistance = 6 Q 
current in the circuit, / = 3 = u A 
6 2 


V Yat 12x =Vg or Vy — Vg =0 


or by symmetry, we can say that 
Va = Va — V5 


Fig. 23.31 
Ry 
E 
Fig. 23.32 
6v 
D E 
20 
3V 
C B 
F 
4Q 
Fig. 23.33 
(from B to E) 
A 


So, the potential difference across any two vertices of the triangle is zero, while the current in the circuit is 


non-zero. 
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e Distribution of current in parallel connections : When more than 
one resistances are connected in parallel, the potential difference 
across them is equal and the current is distributed among them in 
inverse ratio of their resistance as 


d 
j Fig. 23.35 
Or | ec m for same value of V 
e.g. in the figure, 
i, 1 1 
fy iis =a A E 3:2 
: 6 (9 5 
f Beg 
6-342 ji 
ju (ERS a 
6-342 i 
and pec 
6T 3-42 11 
Note In case of only two resistances, — 2 —— 


b Ry 
e Distribution of potential in series connections: When more 
than one resistances are connected in series, the current through 
them is same and the potential is distributed in the direct ratio of 
their resistance as : 
V=iR or Ve HR for same value of i. 
For example in the figure, 


V :VSIVSSR:2R:3Rx1:2:3 JESUS 

Tm NUNT 

142243 6 

v| 2 v=“ 

1+2+3 3 

and V3 = S ud 

1-243 2 

© Example 23.20 In the circuit shown in figure, 

Ei n 


E») rn 
| naw hw 


R 
WwW- 


Fig. 23.37 
E,=10V, E, AV, 1 =m =1Qand R=2Q. 
Find the potential difference across battery 1 and battery 2. 
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: 2; ze s E. E: 
Solution Net emf of the circuit = E, - E; =6V A sala 2 n2 
Total resistance ofthe circuit - Rr +m =4Q 

t emf 6 "Y — 
; A net e 
-. Current in the circuit, i = - -—-]5A : : 
total resistance 4 i 


Now, V, E, — in =10- (1.5) (1) Fig. 23.38 

=8.5V Ans. 
and V, =E, +in =44+(1.5)() 

=5.5V Ans. 


INTRODUCTORY EXERCISE 23.6 


1. Find the current through 2 Q and 4 Q resistance. 
20 10V S40 


Fig. 23.39 
2. In the circuit shown in figure, find the potentials of A, B, C and D and C 10 B 
the current through 1 O and 2 Q resistance. 5V 
2V 
10V 
D A 
2Q = 
Fig. 23.40 
3. For what value of E the potential of A is equal to 19V 4o A E 20 
the potential of B? ] E— + | 
50 


Fig. 23.41 


4. Ten cells each of emf 1 V and internal resistance 1Q are connected in series. In this 
arrangement, polarity of two cells is reversed and the system is connected to an external 
resistance of 2 O. Find the current in the circuit. 

5. In the circuit shown in figure, R, = R = R 2 10 Q. Find the -NWw- 
currents through R; and R}. 

"I 


Ro R3 


Fig. 23.42 
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23.10 Heating Effects of Current 


An electric current through a resistor increases its thermal energy. Also, there are other situations in 
which an electric current can produce or absorb thermal energy. 


Power Supplied or Power Absorbed by a Battery 


When charges are transported across a source of emf, their potential energy changes. If a net charge 
A q moves through a potential difference £ in a time A t, the change in electric potential energy of the 
charge is E Aq. Thus, the source of emf does work, 


AW=E Aq 

Dividing both sides by At, then taking the limit as At > 0, we find 
W gu 
dt dt 


.. d dW 
By definition, E = i, the current through the battery and ET = P,the power output of (or input to) the 


battery. Hence, 


P-Ei 


The quantity P represents the rate at which energy is transferred from a discharging battery or to a 


charging battery. 
In Fig. 23.43, energy is transferred from the source at a rate Ei 
E ; 
n‘ O — ~ 
Fig. 23.43 


In Fig. 23.44, energy is transferred to the source at a rate Ei 
F i 
e e 


Fig. 23.44 


Power dissipated across a resistance 


Now, let’s consider the power dissipated in a conducting element. Suppose it has a resistance R and 
the potential difference between its ends is V. In moving from higher to lower potential, a positive 
charge Aq loses energy AU =V Aq. This electric energy is absorbed by the conductor through 
collisions between its atomic lattice and the charge carriers, causing its temperature to rise. This 
effect is commonly called Joule heating. Since, power is the rate at which energy is transferred, we 


have, 
^ ^ 
palco = 
At At 
P=Vi 


which with the help of equation V =iR can also be written in the forms, 


P-ÜR| or |P=— 
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Power is always dissipated in a resistance. With this rate, the heat amo . 
produced in the resistor in time f is — r mwm 
yo | e 
H=Pt or H-Vü-PR-VU Fig. 23,45 


Joule heating occurs whenever a current passes through an element that has resistance. To prevent the 
overheating of delicate electronic components, many electric devices like video cassette recorders, 
televisions and computer monitors have fans in their chassis to allow some of the heat produced to 
escape. 


© Extra Points to Remember 
e We have seen above that power may be supplied or consumed by a battery. It depends on the direction of 


current. 
— —_——— 
E $ 


Fig. 23.46 
In the above direction of current power is supplied by the battery (= Ei) 


Fig. 23.47 
In the opposite direction of current shown in Fig. 23.47, power is consumed by the battery. This normally 
happens during charging of a battery. 
e Aresistance always consumes power. It does not depend on the direction of current. 
I I 


Soh SS or ——Nw——— 
Fig. 23.48 
In both cases shown in figure, power is only consumed and this power consumed is given by the formula. 
2 
popu 
R 


In the above equations V and / are the values across a resistance in which we wish to find the power 
consumed. 

e |n any electrical circuit, law of conservation of energy is followed. 
Net power supplied by all batteries of the circuit = net power consumed by all resistors in the circuit. 


© Example 23.21 In the circuit shown in figure, find 
10V 4V 


[ je a 
Ly 


30 
Fig. 23.49 
(a) the power supplied by 10 V battery 
(b) the power consumed by 4 V battery and 
(c) the power dissipated in 3 Q resistance. 
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Solution Net emf of the circuit = 10-4) V2 6V 


Current in the circuit 


total resistance ~ 3 
(a) Power supplied by 10 V battery = Ei = (10) (2)= 20 W 
(b) Power consumed by 4 V battery = Ei = (4) (2) = 8W 
(c) Power consumed by 3 Q resistance = ÜR- (2° (3) =12W 
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Ans. 
Ans. 
Ans. 


Note Here, we can see that total power supplied by 10 V battery (i.e. 20 W) = power consumed by 4 V battery 


and 3 Q resistance. Which proves that conservation of energy holds good in electric circuits also. 


© Example 23.22 In the circuit shown in figure, find the heat developed across 


each resistance in 2 s. 


60 
3Q 
30 5Q 
|! 
20V 
Fig. 23.50 
Solution The 6 €) and 3 Q resistances are in parallel. So, their combined resistance is 
] 1,1 1! 
—=-+-=- 
R 6 3 2 
or Rz2Q 
The equivalent simple circuit can be drawn as shown. 
30 20 
W- -AW- 
ke | 
V 
I 50 
20V 
Fig. 23.51 
Current in the circuit, 
netemf — 20 


total resistance 342-45 
V =iR=(2)(2)=4V 
i.e. Potential difference across 6 Q and 3 Q resistances are 4 V. Now, 


H 49 (which is connected in series) = ÜRSQy)O(QSMI 
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2 2 
H 49 (which is connected in parallel) = P t= E A e x J 


and Ho =i Rt =(2} (5) (2)=40J Ans. 


INTRODUCTORY EXERCISE 23.7 


1. In the circuit shown in figure, a 12 V battery with unknown internal resistance r is connected to 
another battery with unknown emf E and internal resistance 1 and to a resistance of 3 Q 
carrying a current of 2 A. The current through the rechargeable battery is 1 A in the direction 
shown. Find the unknown current /, internal resistance r and the emf E. 

12V * 


3Q 


2A 
Fig. 23.52 


2. Inthe above example, find the power delivered by the 12 V battery and the power dissipated in 
3 Q resistor. 


23.11 Grouping of Cells 


Cells are usually grouped in the following three ways : 


Series Grouping 
Suppose n cells each of emf E and internal resistance r are connected in series as shown in figure. 


Fig. 23.53 
Then, Net emf 2 nE 
Total resistance = nr + R 
: —— net emf i nE 
Current in the circuit, i = ———————— or = 
total resistance nr+R 


Note If polarity of m cells is reversed, then equivalent emf = (n — 2m) E, while total resistance is still nr + R 
(n-2m)E 
nr+ R 
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Parallel Grouping 
Here, three cases are possible. 


Case1, When E andr of each cell has same value and positive terminals of 

all cells are connected at one junction while negative at the other. 

In this situation, the net emf is E. The net internal resistance is — as n 
n 

resistances each of r are in parallel. Net external resistance is R. Therefore, 


Fig. 23.54 


i "a . TEN 
total resistance 1s (z + J and so the current in the circuit will be, 
n 


Net emf . E 


i = ————————— or i = ———_ 
Total resistance R+ rín 


Note A comparison of series and parallel grouping reveals that to get maximum current, cells must be 
connected in series if effective internal resistance is lesser than external and in parallel if effective internal 
resistance is greater than external. 

Case2, IfE andr of each cell are different but still the positive terminals of all cells are connected 
at one junction while negative at the other. 


Er 
A | CMM —F 


E 


Fig. 23.55 


Applying Kirchhoff's second law in loop ABCDEFA, 
R E 


E,-iR-iün =0 or i zs] == ...(1) 
^ ^ 
Similarly, we can write 
R E E 
eei ...(ii) 
Wy. 5 


Adding all above equations, we have 


I E 
(i, +i, +... +7, ) = inz[ ja ) 
r r 


But i tL +...+i, =i 


Selt 


32 © Electricity and Magnetism 


| X(Eir | X(Elr)XQ/r) Fa 
OIeREQUr MEUR Ry 
=r) ad J 


= =R+ 
* XQ iia Xr) | 


where, 


From the above expression, we can see that d PU if n cells of same emf E and internal 
trin 


resistance r are connected in parallel. This 1s because, 


x (E/r)= nE/r and X (l/r) 2 n/r 
nE/r 


[== 
1+ nR/r 
Multiplying the numerator and denominator by r/n, we have 
. E 
j= —— — — 
R-crín 


Exercise In parallel grouping (Case 2) prove that, E, =E if Ej, =E, —...- Eandr =n =...=r 
Case 3, This is the most general case of parallel grouping in which £ and r of different cells are 


different and the positive terminals of few cells are connected to the negative terminals of the others 


as shown figure. 
Ein 


Fig. 23.56 


Kirchhoff's second law in different loops gives the following equations : 
E, iR 


n n 
E iR E 
h n 
E R - 
Similarly, i,=-3- ...(ii) 
r Dh 


Adding Eqs. (i), (ii) and (iii), we get 
i t bti-(Ejn)-(Ej/nr)(Ej/n)- iR (Vr lr, +1/7) 
or ill R (Vr, Vr, +1/7;)] = (E)/7,) — CE5/r) + (E3/15) 
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E (GE, /n) - GZ5/r) + (Es!) | 
1+R (l/r, +1/n +1/7) 


2A In -E,/n + E4lr)! Vr Vr, +1/7) 
l= 


or 
R -1//n *l/r, +1/7) 


Mixed Grouping 


The situation is shown in figure. 


Fig. 23.57 


There are n identical cells in a row and number of rows are m. Emf of each cell is £ and internal 
resistance is r. Treating each row as a single cell of emf nE and internal resistance nr, we have 


Net emf = nE 


] . nr 
Total internal resistance = — 
m 


Total external resistance = R 
-. Current through the external resistance R is 
nE 


i- 
nr 
R+— 

| ms 


This expression after some rearrangements can also be written as 
mnE 


i- 
(A mR — Jar)? £24 mnrR 
If total number of cells are given then mnis fixed. E, rand R are also given, we have liberty to arrange 
the given number of cells in different rows. Then in the above expression the numerator nmE and in 
the denominator 24 mnrR all are fixed. Only the square term in the denominator is variable. 
Therefore, 


iis maximum when, 
nr 
4mR —-4nr or R=— 
m 


or total external resistance = total internal resistance 


Thus, we can say that the current and hence power transferred to the load is maximum when load 
resistance is equal to internal resistance. This is known as maximum power transfer theorem. 
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© Extra Points to Remember 

e Regarding maximum current in the circuit or maximum power consumed by the external resistance R, there 
are three special cases. One we have discussed above, where we have to arrange the cells in such a 
manner that current and power in the circuit should be maximum. And this happens when we arrange the 
cells in such a manner that total internal resistance comes out to be equal to total external resistance. Rest 


two cases are discussed below. 


In the figure shown, 


2 
P= =( E J^ 
R 


(i) Now if ris variable. E and R are fixed, then į and P} both are maximum when r = 0. 
(il) If R is variable. E and r are fixed. Then, current in the circuit is maximum when R = 0. But P, will be 


maximum, when 
R-r or external resistance = internal resistance 


© Example 23.23 Find the emf and internal resistance of a single battery which 
is equivalent to a combination of three batteries as shown in figure. 
10V 90 


BV qi 


ay c 
Fig. 23.59 
Solution The given combination consists of two batteries in parallel and resultant of these two 


in series with the third one. 
For parallel combination we can apply, 


E, E 10 4 
E, = n h 2 2-3V 
4 1 1 1 1 
—R— ES dies 
i h 2 2 
Further, S uk Il, 
r n n 2 2 
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Now this is in series with the third one, i.e. 


6v 3V 
— hw . 
10 1 
Fig. 23.60 
The equivalent emf of these two is (6 — 3) Vor 3 V and the internal resistance will be (1+ 1) or 
20 
E-3V 
. L W- . 
r=2Q 
Fig. 23.61 


© Example 23.24 In the circuit shown in 
figure E, =3V, E, =2V, E; =1 V and 
R= =m =r =1Q. (JEE 1981) 


R 


AWW 


°B 


(a) Find the potential difference between the 
points A and B and the currents through each 
branch. 

(b) Ifr, is short-circuited and the point A is 
connected to point B, find the currents 
through E, E, E4 and the resistor R. 


Solution (a) Equivalent emf of three batteries would be 


_S(E/r)_ B/14 2/14 1/1) _ 


5" Xr) (1/1+1/1+1/1) 


Fig. 23.62 


Further 5 , n and 7, each are of 1 Q. Therefore, internal resistance of the equivalent battery 


will be 32 as all three are in parallel. 


= 
i rg 
Fig. 23.63 
The equivalent circuit is therefore shown in the figure. 
Since, no current is taken from the battery. 
Vig =2V 
Further, Vi -Vg =E -iñ 
> Vg Vat Ey -24+3_ 
i : i 
Similarly, i,- occ t 
D, 1 
and TE a aE VAM LE PNE 


(FromV =E — ir) 


36 © Electricity and Magnetism 


(b) 7% is short circuited means resistance of this 
branch becomes zero. Making a closed circuit 
with a battery and resistance R. Applying 
Kirchhoff’s second law in three loops so 


formed. 
3-i, -(i +i, +i; )=0 a) [tete 
2-(i, +i, +i,)=0 .. (li) 
l-i; - (i +i, *i)-0 ii) Fig. 23.64 
From Eq. (ii) i +i, +i, =2A 
*. Substituting in Eq. (i), we get ij =1A 


Substituting in Eq. (111), we get i; —-—1A 
z i, = 2A 


INTRODUCTORY EXERCISE 23.8 


1. Find the emf (V) and internal resistance (r) of a single battery which is equivalent to a parallel 
combination of two batteries of emfs V and V, and internal resistances 4 and r;respectively, with 
polarities as shown in figure 


E V; 
+ e— —À] E - 
A B 
E V 


Fig. 23.65 


2. Find the net emf of the three batteries shown in figure. 
2V 1Q 


EN 0.50 
1 
6v 


Fig. 23.66 


3. Find the equivalent emf and internal resistance of the arrangement shown in figure. 
10V 190 


4 4v, £0 > 
IL 
| KW 


Fig. 23.67 
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23.12 Electrical Measuring Instruments 


So far we have studied about current, resistance, potential difference and emf. Now, in this article we 
will study how these are measured. The basic measuring instrument is galvanometer, whose pointer 
shows a deflection when current passes through it. A galvanometer can easily be converted into an 
ammeter for measuring current, into a voltmeter for measuring potential difference. For accurate 
measurement of potential difference or emf, a potentiometer is more preferred. Resistances are 
accurately measured by using post office box or meter bridge which are based on the principle of 
“Wheatstone bridge". All these are discussed here one by one in brief. 


Galvanometer 


Many common devices including car instrument panels, battery chargers measure potential 
difference, current or resistance using d’ Arsonval Galvanometer. It consists of a pivoted coil placed 
in the magnetic field of a permanent magnet. Attached to the coil is a spring. In the equilibrium 
position, with no current in the coil, the pointer is at zero and spring is relaxed. When there is a current 
in the coil, the magnetic field exerts a torque on the coil that is proportional to current. As the coil 
turns, the spring exerts a restoring torque that is proportional to the angular displacement. Thus, the 
angular deflection ofthe coil and pointer is directly proportional to the coil current and the device can 
be calibrated to measure current. 


The maximum deflection, typically 90? to 120? is called full scale deflection. The essential electrical 
characteristics of the galvanometer are the current i, required for full scale deflection (of the order of 
101A to 10 mA) and the resistance G of the coil (of the order of 10 to 1000 Q). 


The galvanometer deflection is proportional to the current in the coil. If the coil obeys Ohm's law, the 
current is proportional to potential difference. The corresponding potential difference for full scale 
deflection is 


Ammeter 


A current measuring instrument is called an ammeter. A 

galvanometer can be converted into an ammeter by connecting PUN 
a small resistance S (called shunt) in parallel with it. 

Suppose we want to convert a galvanometer with full scale 

current i, and coil resistance G into an ammeter with full scale > > 
reading i. To determine the shunt resistance S needed, note G 


that, at full scale deflection the total current through the hj Y 
parallel combination is 7, the current through the galvanometer 


is i, and the current through the shunt is i — i,. The potential io S . os 
difference V (=V, — V, ) is the same for both paths, so a holy b 
iG =(i-i,)S Fig. 23.68 
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Voltmeter 


A voltage measuring device is called a voltmeter. It measures the potential difference between two 
points. 

A galvanometer can be converted into a voltmeter by connecting a high resistance (R) in series with it. 
The whole assembly called the voltmeter is connected in parallel between the points where potential 
difference has to be measured. 


For a voltmeter with full scale reading V, we need a series resistor R such that 


Circuit 
; E element 573 
k V > 
Fig. 23.69 
V =i, (G+R) 
V 
or R=—-G 


© Extra Points to Remember 
* Conversion of galvanometer into an ammeter. 
(i) A galvanometer is converted into an ammeter by connecting a S 

low resistance (called shunt) in parallel with galvanometer. 
This assembly (called ammeter) is connected in series in the i— ig 
wire in which current is to be found. Resistance of an ideal i 
ammeter should be zero. i 
In parallel, current distributes in the inverse ratio of resistance. Fig. 23.70 
Therefore, 


(ii) Resistance of an ammeter is given by 
dese m 1 LAS GS 
ACERS G+s 
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(iii) The reading of an ammeter is always lesser than actual current in the circuit. 


—Ww —Ww— 
R R 
i4 T is 
p |! ~< x | H +- 

EI E 

(8) (b) 

Fig. 23.71 
For example, in Fig. (a), actual current through R is 
pee 
R 


while the current after connecting an ammeter of resistance A |- Poi 
+ 


r 
R+A 


| in series with R is 


From Eqs. (i) and (ii), we see that /^ « / and /^ 2 ij when A=0. 


i.e. resistance of an ideal ammeter should be zero. 
* Conversion of a galvanometer into a voltmeter 


(i) A galvanometer is converted into a voltmeter by connecting (EX R 


a high resistance in series with galvanometer. The whole 
assembly called voltmeter is connected in parallel across 
the two points between which potential difference is to be 


found. Resistance of an ideal voltmeter should be infinite. 


V=|,G+R) 
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Fig. 23.72 


R =high resistance required in series 


E 
lg 


(ii) Resistance of a voltmeter is R, = R + G 


(iii) The reading of a voltmeter is always lesser than the true va 
For example, if a current / is passing through a resistance r 


r r 


ue. 
, the actual value is 


»— —Nw- — WW- 


i I 


Fig. 23.73 
Vig 


...(i) 


Now, if a voltmeter of resistance R, (= G + R) is connected across the resistance r, the new value will 


be 


walk (rR, ) OF 


A d 


(Pa lity qa, ct. 


r 


R 


V 


From Eqs. (i) and (ii), we can seethat, V'«V and V'-V if R,= 


Thus, resistance of an ideal voltmeter should be infinite. 


...(ii) 
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© Example 23.25 What shunt resistance is required to make the 1.00 mA,20 Q 


galvanometer into an ammeter with a range of 0 to 50.0 mA? 

Solution Here, i, =1.00mA = 10° A, G=20Q, i-500x10?^ A 
(107) (20) 

(50.0x 10° )— (10?) 


i—i, 


i 
Substituting in S | À Je- 
E 


= 0.408 Q Ans. 


Note The resistance of ammeter is given by 


Y. 4. 3. 030.3 
A G S 20 0408 


Or Az044Q0 

The shunt resistance is so small in comparison to the galvanometer resistance that the ammeter 
resistance is very nearly equal to the shunt resistance. This shunt resistance gives us a low resistance 
ammeter with the desired range of 0 to 50.0 mA. At full scale deflection i 2 50.0 mA, the current through 
the galvanometer is 1.0 mA while the current through the shunt is 49.0 mA. If the current i is less than 
50.0 mA, the coil current and the deflection are proportionally less, but the ammeter resistance is still 
0.4 Q. 


© Example 23.26 How can we make a galvanometer with G = 20 Q and 


i, = 1.0 mA into a voltmeter with a maximum range of 10 V? 


Solution Using R= dd -G, 


lg 


|. 10 
10° 
= 9980 Q Ans. 


Thus, a resistance of 9980 Q is to be connected in series with the galvanometer to convert it into 
the voltmeter of desired range. 


We have, R 


Note At full scale deflection current through the galvanometer, the voltage drop across the galvanometer 


V, =1,G =20 x 10? volt = 0.02 volt 


and the voltage drop across the series resistance R is 


V=i,R 29980 x 10? volt = 9.98 volt 


or we can say that most of the voltage appears across the series resistor. 


6 Example 23.27 Resistance of a milliammeter is R, of an ammeter is R, of a 


voltmeter is R, and of a kilovoltmeter is R,. Find the correct order of R, , R,, R, 
and R,. 
Solution To increase the range of an ammeter a low resistance has to be connected in parallel 
with galvanometer. Therefore, net resistance decreases. To increase the range of voltmeter, a 
high resistance has to be connected in series. So, net resistance further increases. Therefore, the 
correct order is 

R,>R,>R,>R, 
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© Example 23.28 A microammeter has a resistance of 100 Q and full scale 
range of 50 uA. It can be used as a voltmeter or as a higher range ammeter 


provided a resistance is added to it. Pick the correct range and resistance 
combination (s) (JEE 1991) 
(a) 50 V range with 10 kQ resistance in series 

(b) 10 V range with 200 kQ resistance in series 

(c) 5 mA range with 1 Q resistance in parallel 

(d) 10 mA range with 1 Q resistance in parallel 


Solution To increase the range of ammeter a parallel resistance (called shunt) is required 


which is given by 
i 
:-[ 1 e 
l= l; 


50x10% 
5x10? -50x 10° 


For option (c), S= | Joo 1Q 


To change it in voltmeter, a high resistance R is put in series, where R is given by R = — —G 
l 
E 


10 


R2 ———— — - 100 200 kQ 
50x 107? 


For option (b), 
Therefore, options (b) and (c) are correct. 


© Example 23.29 A galvanometer gives full scale deflection with 0.006 A 
current. By connecting it to a 4990 Q resistance, it can be converted into a 


voltmeter of range 0-30 V. If connected to a He Q resistance, it becomes an 


ammeter of range 0-1.5 A. The value of n is (JEE 2014) 
Solution i, 4990 0 
——MAW— —(G) 
V——————— 
Fig. 23.74 
i, (G + 4990) =V 
= —Ó G +.4990) = 30 
1000 

= G+ 4990= 290 5000 

S 

C d 
(1.5-ig) 
15A à i © b 


Fig. 23.75 
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=> G=10 
Va “Va 
=> 1G=(15-i,)8 
> 9 x 10=(1.5- s Js 
1000 1000 
60 2n 
=> _—————— eE 
1494 249 
249 x 30 
=> gn -———— 
1494 
= 2490 _ 5 Ans. 
498 
INTRODUCTORY EXERCISE 4 


1. The full scale deflection current of a galvanometer of resistance 1 Q is 5 mA. How will you 
convert it into a voltmeter of range 5 V? 


2. A micrometer has a resistance of 100 Q and full scale deflection current of 50 uA. How can it be 
made to work as an ammeter of range 5 mA? 


3. Avoltmeter has a resistance G and range V. Calculate the resistance to be used in series with it 
to extend its range to nV. 


Potentiometer 


The potentiometer is an instrument that can be used to measure the emf or the internal resistance of an 
unknown source. It also has a number of other useful applications. 


Principle of Potentiometer 


The principle of potentiometer is schematically shown in figure. 


Fig. 23.76 


A resistance wire ab of total resistance R, is permanently connected to the terminals of a source of 
known emf E,.A sliding contact c is connected through the galvanometer G to a second source whose 
emf E, is to be measured. As contact c is moved along the potentiometer wire, the resistance R, 
between points c and b varies. If the resistance wire is uniform R „ is proportional to the length of the 
wire between c and b. To determine the value of £,, contact c is moved until a position is found at 
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which the galvanometer shows no deflection. This corresponds to zero current passing through £,. 
With i, =0, Kirchhoff's second law gives 


E, = iR, 


With 7, =0, the current i produced by the emf E, has the same value no matter what the value of emf 
E,. A potentiometer has the following applications. 


To find emf of an unknown battery 


Fig. 23.77 


We calibrate the device by replacing £, by a source of known emf E, and then by unknown emf E, . 
Let the null points are obtained at lengths /, and /,. Then, 

E, —i(pl) and Ey =i (pL) 
Here, p = resistance of wire ab per unit length. 


E, 1 | l 
—-— or by -(#) 
1 


So, by measuring the lengths /, and /,, we can find the emf of an unknown battery. 


To find the internal resistance of an unknown battery 


To find the internal resistance of an unknown battery let us derive a formula. 


E. f 
— mw- E 


hi 


In the circuit shown in figure, 


s) 


i= 
R+r 


and V = potential difference across the terminals of the battery 
or V-E-ir-iR ...(ii) 


From Eqs. (i) and (ii), we can prove that 
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Thus, if a battery of emf E and internal resistance r is connected across a resistance R and the potential 
difference across its terminals comes out to be V then the internal resistance of the battery is given by 
the above formula. Now, let us apply it in a potentiometer for finding the internal resistance of the 
unknown battery. The circuit shown in Fig. 23.79 is similar to the previous one. 


E. 
h 


Hence, E - ipl, ... (1) 
Now, a known resistance R is connected across the terminals of the unknown battery as shown in 
Fig. 23.80. 


E p 
|, — OH nw- 
i270 . 

Ç i20 


R 
Fig. 23.80 

This time V, ŻE, but V,-V 
where, V = potential difference across the terminals of the unknown battery. 
Hence, V =ipl, ^at) 
From Eqs. (i) and (ii), we get 

E 1 

Yo 


E 
Substituting in r = R E — J we get 


r-R|—-1 
l, 


So, by putting R, /, and /, we can determine the internal resistance r of unknown battery. 
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€» Extra Points to Remember 


Fig. 23.81 


Under balanced condition (when / = 0) loop-1 and loop-3 are independent with each other. All problems 
in this condition can be solved by a single equation, 


Vic = Væ 
or lilia = E, = ldi 
or PNTE ble N) 


Here, A is the resistance per unit length of potentiometer wire AB. Length / is called balance point length. 
Currents /, and/, are independent with each other. Current i, = 0, if switch is open. 
Under balanced condition, a part of potential difference of E, is balanced by the lower circuit. So, normally 
E, < E, for taking balance point length. Similarly, V; = Vp = V, = V, and V. = V.. Therefore, positive 
terminals of both batteries should be on same side and negative terminals on the other side. 
From Eq. (i), we can see that null point length is 

j= E, — ih 

LA 

Now, suppose £, is increased then /, will also increase and null point length / will decrease. Similarly, we 
can make some other cases also. 
If we do not get any balanced condition (/, # 0), then the given circuit is simply a three loops problem, which 
can be solved with the help of Kirchhoff's laws. 


© Example 23.30 A potentiometer wire of length 100 cm has a resistance of 


10 Q. It is connected in series with a resistance R and a cell of emf 2 V and of 
negligible internal resistance. A source of emf 10 mV is balanced against a length 
of 40 cm of the potentiometer wire. What is the value of R? 


Solution From the theory of potentiometer, V., = E, if no current is drawn from the battery 


E 
or ——L.|k, =E 
R+R,, 


Here, E,=2V, R,, =10Q, R, -(2)x10=40 
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and E=10x10° V 


Ei 


- | H ~ 


Fig. 23.82 


Substituting in above equation, we get 
R=790Q Ans. 


© Example 23.31 When the switch is open in lowermost loop of a potentiometer, 
the balance point length is 60 cm. When the switch is closed with a known 
resistance of R = 4Q, the balance point length decreases to 40 cm. Find the 
internal resistance of the unknown battery. 


Solution Using the result, 


-2Q0 Ans. 


6 Example 23.32 


Fig. 23.83 


In the figure shown, wire AB has a length of 100 cm and resistance 8 Q. Find the 
balance point length l. 
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Solution Using the equation, i M=E, -=i 


We have, 
GS o) (Sle 
24+ 8/4100 2+6 


1- 37.5 cm Ans. 


Solving this equation, we get 


INTRODUCTORY EXERCISE 


1. In a potentiometer experimentit is found that no current passes through the galvanometer when 
the terminals of the cell are connected across 0.52 m of the potentiometer wire. If the cell is 
shunted by a resistance of 5 Q a balance is obtained when the cell is connected across 0.4 m of 
the wire. Find the internal resistance of the cell. 


2. The potentiometer wire AB is 600 cm long. 


| WW 


R=15r 
J B 
—| A 
E 
2 


Fig. 23.84 


(a) At what distance from A should the jockey J touch the wire to get zero deflection in the 
galvanometer. 


(b) If the jockey touches the wire at a distance 560 cm from A, what will be the current through 
the galvanometer. 


Principle of Wheatstone's Bridge 


The scientist Wheatstone designed a circuit to find unknown resistance. 
Such a circuit is popularly known as Wheatstone's bridge. This is an 
arrangement of four resistances which can be used to measure one of them 
in terms of the rest. The figure shows the circuit designed by him. The 
bridge is said to be balanced when deflection in galvanometer is zero, i.e. 
i = 0, and hence, i 


V, =Vp 
Under this condition, V-V; =V, -Vp Fig. 23.85 
or iP-iR 
i R 
m Ll ...(i) 
i, P 


Similarly, Vz -Ve =Vp -Ve 
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D . i, 
or iQ-iS or ~= 


= ...(ii) 
L Q 
From Eqs. (i) and (ii), » - o or 2 - E 


So, this is a condition for which a Wheatstone's bridge is balanced. 

To measure the resistance of an unknown resistor, it is connected as one of the four resistors in the 
bridge. One of the other three should be a variable resistor. Let us suppose P is the unknown 
resistance and Q is the variable resistance. The value of Q 1s so adjusted that deflection through the 
galvanometer is zero. In this case, the bridge is balanced and 


Knowing R, S and Q, the value of P is calculated. Following two points are important regarding a 
Wheatstone's bridge. 
(i) In Wheatstone's bridge, cell and galvanometer arms are interchangeable. 


B B 
P Q P Q 
A C A C 
= 
R S 
D 
(G) 
Fig. 23.86 
In both the cases, condition of balanced bridge is 
POR 
Qs 
(ii) If bridge is not balanced current will flow from D to B in Fig. 23.85 if, 
PS > RQ 


Exercise Try and prove the statements of both the points yourself. 


Meter Bridge Experiment 


Meter bridge works on Wheatstone's bridge principle and is used to find the unknown resistance (X) 
and its specific resistance (or resistivity). 


Theory 
As the meter bridge wire AC has uniform material density and area of cross-section, its resistance is 
proportional to its length. Hence, AB and BC are the ratio arms and their resistances correspond to P 
and Q respectively. 

Resistance of AB P _ Al I 


Resistance of BC Q A(100-1]) 100-1 


Thus, 
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Here, À is the resistance per unit length of the bridge wire. 


Unknown resistance 
x 


Resistance box 


-— 


Galvanometer 


A P 


Fig. 23.87 


Hence, according to Wheatstone ’s bridge principle, 


When current through galvanometer is zero or bridge is balanced, then 
P R Q 


So, by knowing R and / unknown resistance X can be determined. 
Specific Resistance From resistance formula, 


L 
X =p— 
j A 

P L 

For a wire of radius r or diameter D — 2r, 
2 TD? 
A=tr = 
4 
XnD? 
or p= 
4L 


By knowing X, D and L we can find specific resistance of the given wire by Eq. (ii). 


Precautions 
1. The connections should be clean and tight. 
. Null point should be brought between 40 cm and 60 cm. 
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ii) 


2 
3. Atone place, diameter of wire (D) should be measured in two mutually perpendicular directions. 
4 


. The jockey should be moved gently over the bridge wire so that it does not rub the wire. 
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End Corrections 
In meter bridge, some extra length (under the metallic strips) comes at points A and C. Therefore, 
some additional length (o and B) should be included at the ends. Here, a and p are called the end 
corrections. Hence, in place of / we use / -- & and in place of 100 — / we use 100 — / + B. 
To find & and B, use known resistors R, and R, in place of R and X and suppose we get null point 
length equal to /,. Then, 
R, [+0 


= w(i 
R, 100-14 «p 0 
Now, we interchange the positions of R, and R, and suppose the new null point length is /,. Then, 
R Ll -*Q 
LI ...(ii) 
R, 100-/,+8 
Solving Eqs. (i) and (ii), we get 
= Rl, ui Rb 
R, E R, 
Rl, - Rl 
and p-—2——7-? -100 
R, T R, 


© Example 23.33 If resistance R, in resistance box is 300 Q, then the balanced 
length is found to be 75.0 cm from end A. The diameter of unknown wire is 
1mm and length of the unknown wire is 31.4 cm. Find the specific resistance of 
the unknown wire. 

I 


100-7 
=> x= (2a 


(eo 
75 


Solution R = 
X 


} 200)- 1002 


Now, go's pr 
A (nd?/4) 
|ond^X 
Al 
_ (22/7) (10? )? (100) 
(4)(0.314) 


=2.5x10°Q-m Ans. 


© Example 23.34 Ina meter bridge, null point is 20 cm, when the known 
resistance R is shunted by 10 Q resistance, null point is found to be shifted by 
10 cm. Find the unknown resistance X. 
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Solution m l 
X 100-7 
x-(E-a 
l 
or x (E029 ]n - an (i) 
20 


When known resistance R is shunted, its net resistance will decrease. Therefore, resistance 
parallel to this (i.e. P) should also decrease or its new null point length should also decrease. 


x. X 
X 100-7 
20-10. 1 
100- (20-10) 9 
or X =9R’ ...(ii) 


From Eqs. (i) and (ii), we have 


Solving this equation, we get 


R2 a 
4 
Now, from Eq. (1), the unknown resistance 
X =4R=4 EJ 
4 
Or X 250€ Ans. 
Note R'is resultant of R and 10 Q in parallel. 
Mod 
R 10 R 
, 10R 
or - 
10+R 


© Example 23.35 If we use 100 Q and 200 Q in place of R and X we get null 
point deflection, l= 38 cm. If we interchange the resistors, the null point length 


is found to be 67 cm. Find end corrections a and p. 


R,-RI 
Solution Q -— oe 
R, -R, 
_ (200)(33) - (100)(67) 
100 — 200 


=lcm Ans. 
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_ Ril, - Rl, 


p R,-R, — 100 
_ (100)(33) - (200) (67) 100 
100 — 200 
=lcm Ans. 
INTRODUCTORY EXERCISE 


1. A resistance of 2 Q is connected across one gap of a meter bridge (the length of the wire is 


100 cm) and an unknown resistance, greater than 2 Q, is connected across the other gap. When 
these resistances are interchanged, the balance point shifts by 20 cm. Neglecting any 


corrections, the unknown resistance is (JEE 2007) 
(a)3 Q (b)4 Q 
(c)5Q (d)6Q 


. A meter bridge is setup as shown in figure, to determine an unknown resistance X using a 


standard 10 Q resistor. The galvanometer shows null point when tapping key is at 52 cm mark. 
The end corrections are 1 cm and 2 cm respectively for the ends Aand B. The determined value 
of X is 


A B 

Fig. 23.88 (JEE 2011) 
(a) 10.2 O (b) 10.6 Q 
(c) 10.8 Q (0) 11.10 


. R, R}, R, are different values of R. A, B and C are the null points obtained corresponding to 


R,,R, andR, respectively. For which resistor, the value of X will be the most accurate and why? 
(JEE 2005) 


Fig. 23.89 
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Post Office Box 


Post office box also works on the principle of Wheatstone's bridge. 


P R : ' 
In a Wheatstone's bridge circuit, if o =m then the bridge is balanced. So, unknown resistance 


X= g R. 
P 
P and Q are set in arms AB and BC where we can have, 10 Q,100 Q or 1000 Q resistances to set any 
ratio o 
P 
UNE EE. PENNA ET 


v 
ebese- le [m 
o 
o 


E 3L 71 35535 1 313 E 
5000 2000", 2000 1000 : 500 200 200 100 R 


a a e 3 3 8 
1 2 2 `S i 10 20 20 50 
g- y 


Fig. 23.90 


These arms are called ratio arm, initially we take Q =10 Q and P =10 Q to set Z =1. The unknown 


resistance (X ) is connected between C and D and battery is connected across A and C, 


Now, adjust resistance in part A to D such that the bridge gets balanced. For this, keep on increasing 
the resistance with 1 Q interval, check the deflection in galvanometer by first pressing key K, then 
galvanometer key K,. 


Suppose at R = 4Q, we get deflection towards left and at R =5 Q, we get deflection towards right. 
Then, we can say that for balanced condition, R should lie between 4 Q to 5 Q. 


1 
Now, eee Re E oso 
P 10 


1 P =100 
To get closer value of X, in the second observation, let us choose Q =— i.e. 
P 10 Q=10 
Suppose, now at R = 42 we get deflection towards left and at R = 43 deflection is towards right. 
So R e (42, 43). 


1 1 1 
Now, X = Q R= d R = — R, where R e (4.2, 4.3 QO). Now, to get further closer value take Q =— 
P 100 10 P 100 


and so on. 
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The ob 


S.No 


3 


servation table is shown below. 
Table 23.2 
Resistance in the ratio arm Resistance in Direction of Unknown resistance 
RT deflection X => x R (ohm) 
AB (P) (ohm) BC (Q) (ohm) (ohm) P 
10 10 4 Left 4to5 
5 Right 
100 10 40 Left (large) (4.2 to 4.3) 
50 Right (large) 
42 Left 
43 Right 
1000 10 420 Left 4.25 
424 Left 
425 No deflection 
426 Right 


So, the correct value of X is 4.25 Q 


e 


e 


Example 23.36 To locate null point, deflection battery key (K,) is pressed 
before the galvanometer key (K,). Explain why? 

Solution If galvanometer key K, is pressed first then just after closing the battery key K, 
current suddenly increases. 

So, due to self-induction, a large back emf is generated in the galvanometer, which may damage 
the galvanometer. 


Example 23.37 What are the maximum and minimum values of unknown 

resistance X, which can be determined using the post office box shown in the 

Fig. 23.90? 

Solution X= QR 

P 

X ux = 9 Ru 
P: 


min 


1000 
=—— (11110 
io ( ) 


=1111kQ Ans. 
P Onin Aus 
min ^— Pp. 
_ (10) () 
1000 
=0.01Q Ans. 


X 
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INTRODUCTORY EXERCISE 


1. In post office box experiment, z - S2 In R if142 Q is used then we get deflection towards right 


and if R = 143 Q, then deflection is towards left. What is the range of unknown resistance? 
2. What is the change in post office box experiment if battery is connected between B and C and 
galvanometer is connected across A and C? 


3. For the post office box arrangement to determine the value of unknown resistance, the unknown 
resistance should be connected between (JEE 2004) 


B C D 


Fig. 23.91 
(a) B and C (b) C and D (c) A and D (d) B, and C, 


Extra Topics For Other Examinations 
23.13 Colour Codes for Resistors 


Resistors are of the following two major types : 
(i) wire bound resistors and (ii) carbon resistors 


First type of resistors are made by winding the wires of an alloy like nichrome, manganin or 
constantan etc. Materials are so chosen that their resistivities are relatively less sensitive to 
temperature. 


In carbon resistors, carbon with a suitable binding agent is molded into a cylinder. Wire leads are 
attached to this cylinder and the entire resistor is encased in a ceramic or plastic jacket. The two leads 
connect the resistor to a circuit. Carbon resistors are compact and inexpensive. Their values are given 
using a colour code. 


Table 23.3 
Colour Number Multiplier Tolerance (96) 
Black 0 1 
Brown 1 10 
Red 2 10° 
Orange 3 10° 
Yellow 4 10° 
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Colour Number Multiplier Tolerance (%) 
Green 5 10° 
Blue 6 10° 
Violet 7 10 
Gray 8 10? 
White 9 10° 
Gold 107 5 
Silver 10° 10 
No colour 20 


The resistors have a set of four (or three) co-axial coloured 
rings, whose significance are listed in above table. The — 
colours are noted from left to right. 


4.2.3 4 


lour 1 — First significant figur 
Colou st signific gure Fig. 23.92 


Colour 2 > Second significant figure 
Colour 3 — Decimal multiplier 


Colour 4 (or no colour ) > Tolerance or possible variation in percentage. 


€» Extra Points to Remember 


e Toremember the value of colour coding used for carbon resistor, the following sentences are found to be of 
great help (where bold letters stand for colours) 
B B ROY Great Britain Very Good Wife wearing Gold Silver necklace. 


OR 
Black Brown Rods Of Your Gate Become Very Good When Given Silver colour 


6 Example 23.38 The four colours on a resistor are : brown, yellow, green and 
gold as read from left to right. What is resistance corresponding to these colours. 


Solution From the table we can see that 
Brown colour — 1 
Yellow colour — 4 
Green colour — 10? and 
Gold colour > 5 96 
R - (14 x 10 +5%)Q Ans. 


INTRODUCTORY EXERCISE 
1. For the given carbon resistor, let the first strip be yellow, second strip be red, third strip be 
orange and fourth be gold. What is its resistance? 


2. The resistance of the given carbon resistor is (24 x 10° + 5%) Q. What is the sequence of 
colours on the strips provided on resistor? 
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Final Touch Points 


1. Mobility The physical significance of mobility means how mobile the charge carriers are for the 
current flow. If mobility of charge carriers is more than we can say that current flow will be more. 
In metals, the mobile charge carriers are electrons. In an ionised gas they are electrons and positive 
charged ions. In an electrolyte, these can be positive and negative ions. In semiconductors, charge 
carriers are electrons and holes. Later, we will see that mobility of electrons (in semiconductor) is 
more than the mobility of holes. 


Mobility (u) is defined as the magnitude of drift velocity per unit electric field. 


V, 
Thus, = 2 
d E 

But, Vg = BEY 
m 
et 
u=- 
m 


The SI units of mobility are m?/ V - s. Therefore, practical units of mobility is cm?/ V - s. Mobility of any 
charge carrier (whether it is electron, ion or hole) is always positive. 


2. Deduction of Ohm’s law We know that 
i =neAvy 


ete 
where, v4 2 —— 
m 


D ne*tAE 
m 


If V is the potential difference across the conductor and / is its length, then 


ml ne?x) A 
Here, zi - A orp 
net o 
V= (= :j or VzHi Hence proved. 


where, R = P. is the resistance of the conductor. 

3. Thermistor The temperature coefficient of resistivity is negative for n 
semiconductors. This means that the resistivity decreases as we raise the 
temperature of such a material. The magnitude of the temperature coefficient of 
resistivity is often quite large for a semiconducting material. This fact is used to 
construct thermometers to detect small changes in temperatures. Such a device 
is called a thermistor. The variation of resistivity of a semiconductor with 
temperature is shown in figure. A typical thermistor can easily measure a change Semiconductor 
in temperature of the order of 10? °C 
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4. Superconductors Superconductivity was first discovered in 1911 by the Dutch P 


physicist Heike Kamerlingh Onnes. 


There are certain materials, including several metallic alloys and oxides for which as 
the temperature decreases, the resistivity first decreases smoothly, like that of any 
metal. But then at a certain critical temperature 7, a phase transition occurs, and the 
resistivity suddenly drops to zero as shown in figure. T, 


Once, a current has been established in a superconducting ring, it continues Superconductor 
indefinitely without the presence of any driving field. Possible applications of 
superconductors are ultrafast computer switches and transmission of electric power through 
superconducting power lines. However, the requirement of low temperature is posing difficulty. For 
instance the critical temperature for mercury is 4.2 K. Scientists are putting great effort to construct 
compounds and alloys which would be superconducting at room temperature (300 K). 
Superconductivity at around 125 K has already been achieved. 


. The p-T equation derived in article 23.6 can be derived from the relation, 


dT 
r 
f P a " dT (ifo = constant) ...(i) 
Po p o 
In (2 =a(T —Tp) 
Po 
p 2 poe" 7) 


a(T - To) 


Ifa is small, e can approximately be written as 1+ a(7T — Tọ). Hence, 


p -po[1- a(T - To)] 
Which is the same result as we have discussed earlier. 


In the above discussion, we have assumed a to be constant. If it is function of temperature it will come 
inside the integration in Eq. (i). 


. The principle of superposition Complex network problems can sometimes be solved easily by 


using the principle of superposition. This principle essentially states that when a number of emf's 
act in a network, the solution is the same as the superposition of the solutions for one emf acting at 
a time, the others being shorted. 


. Figure shows a network with two loops. The currents in various 10.8V. 4Q 


branches can be calculated using Kirchhoff's laws. We can get the Lowe 
same solution by considering only one battery at a time and then 120 80 
superposing the two solutions. If a battery has an internal resistance, 
it must be left in place when the emf of the battery is removed. Figure AW- | H 
shows how the superposition principle can be applied to the present iis VAT 
problem. 
10.8V 42 40 12A 
1A 0.4A ý 
80 
1A 120 + losa 120 80 
0.4A 0.6A 
WW | -WW- li 


20 22 144V 
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The current values in Fig. (a) and (b) are easily verified. For J 
example when the 10.8 V battery alone is acting, the total 
à . d 10.8V 40 
resistance in the circuit is | 1.8A 
12x8 ^re ee 7 
4+ +2=10.8 Q 12Q 89 
1248 118A 
10.8V f : 
This makes the total current =1A. This current splits MM ael es 
TEE 20 44V 
between 8 Q and 12 Q in the ratio 3:2. Similarly, the total (c) 
resistance when only the 14.4 V battery is acting is 
B4 1559 cio 
1246 
Therefore, the total current is S =1.2 A. 


The superposition principle shows that there is no current in the 12 Q resistance. Only a current of 
1.8 A flows through the outer loop. All these conclusions can be verified by analyzing the circuit using 
Kirchhoff's laws. 


. The equivalent emf of a cell can also be found by the following method. 
10V 2o 


4V 19 


Suppose we wish to find the equivalent emf of the above circuit. We apply the fact that 
E=V 
When no current is drawn from the cell. But current in the internal circuit may be non-zero. This 
current is, 
- 1044 m A 


| I — 


2+1 3 


Now, VATIC Ss 


14 2 
V4 - Vg ui tR 


Further, V, — Vg is positive, i.e. V4 > Va or Ais connected to the positive terminal of the battery and B to 
the negative. 


Internal resistance of the equivalent battery is found by the normal procedure. For example, 
here 2 Q and 1 Q resistances are in parallel. Hence, their combined resistance is 

iz + dt or petu 

r1 2 2 3 


solved Examples 


TYPED PROBLEMS 


Type 1. Based on potential difference across the terminals of a battery 


Concept 
Potential difference V across the terminals of a battery is given by 
V=E ifi=0 
V=0 if battery is short-circuited 
V =E-ir ifnormal current ( —+ H< ) flows through the battery and 
V-2E-ir ifcurrent flows in the opposite direction (+ P) 


© Example 1 Find the potential difference across each of the four batteries 
B, B5, B and B, as shown in the figure. 


H—-—2 
\ / BV, 22 


Solution Across B, This battery does not make any closed circuit. 
i i-0 or V=E=4 volt 
Across B, This battery is short-circuited. Therefore, 


Ans. 


Ans. 


V=0 
Across B, and B, A current in anti-clockwise direction flows in the closed loop abcda. This 
current is 
netemf | 10-5 
net resistance 142-42 
=1A 


Now, current flows through B, in normal direction. Hence, 
V =E-ir=10-1x1=9 volt 
From B,, current flows in opposite direction. Hence, 
V=E+ir=54+1x2=7 volt 


Ans. 


Ans. 
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© Example 2 Draw (a) current versus load and (b) current versus potential 
difference (across its two terminals) graph for a cell. 


Solution (a) i= E i V 
R+r 


i versus R graph is shown in Fig. (a). 
(b) V =E -ir 
V versus i graph is shown in Fig. (b). 


E 
r 


Type 2. 7o find values of V, i and R across all resistors of a complex circuit if values across one 
resistance are known 


Concept 
(1) In series, current remains same. But the potential difference distributes in the direct 
ratio of resistance. 


Gi) In parallel, potential difference is same. But the current distributes in the inverse ratio 
of resistance. 


© Example 3 In the circuit shown in figure potential difference across 6Q 
resistance is 4 volt. Find V and i values across each resistance. Also find emf E of 
the applied battery. 


60 120 
80 
W- W- 
30 4 
E 


Solution 


80,2 Q (Resultant of 6 Q and 3 Q) and 3Q (resultant of 12 Q and 4Q) are in series. Therefore, 
potential drop across them should be in direct ratio of resistance. So, using this concept we can 
find the potential difference across other resistors. For example, potential across 2Q was 4 V. 
So, potential difference across 8 Q (which is four times of 2 ) should be 16 V. Similarly, 
potential difference across 3 Q (which is 1.5 times of 2 Q ) should be 1.5 times or 6 V. 
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Once V and R are known, we can find i across that resistance. For example, 


Type 3. To find equivalent value of temperature coefficient o. if two or more than two resistors are 
connected in series or parallel 


* This can be explained by the following example : 


© Example 4 Two resistors with temperature coefficients of resistance o, and o 
have resistances Ry, and Ro, at 0°C. Find the temperature coefficient of the 
compound resistor consisting of the two resistors connected 
(a) in series and 
(b) in parallel. 
Solution (a) In Series 


WW- > WW- 
At 0°C Ro, Roo Ro = Ro, + Rog 
At tC Ry, (+t) Raga) R, (1 + at) 
Ro, 1+ 04£) + Rog 1 + Got) = Ro 1 + at) 
or Ro, 1+ Ot) + Rog A + Got) = (Ro, + Rog) L + at) 
Ro, + Rot + Rog + Roget = Ro, + Rog + (Roi + Rog) at 
or oy = or + Fors fee 
Ro, + Roz 
(b) In Parallel Rot m Eid 
Ro1 + Roz 
=> ° WW- ° 
Roz 
At tC, —E ! : 
Ro (19-04) Ro, 0 042) Rog 1+ Got) 
- Ro, + Rog _ 1 M 1 
Ry Ro + 0t) Ry, (+t) Roy (o5) 


Using the Binomial expansion, we have 


1 1 
(1 — at) 4 z el at) - (1 — 044) + R (1 — ast) 


02 01 01 02 
i.e. «[z L) p22; 
Fig, Roz Fig, Roz 
O4 Ros +a 
"T a = Caos + ARo Aus 
Ro, abs Roz 
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Type 4. Based on the verification of Ohm's law 


Concept 


For verification of Ohm's law (= = constant = Jl we need an ohmic resistance, which 
i 


folows this law. A voltmeter which will measure potential difference across this 
resistance, an ammeter which will measure current through this resistance and a variable 
battery which can provide a variable current in the circuit. Now, for different values of i, we 
have to measure different values of V and then prove that, 


Vei or y = constant 
i 
and this constant is called resistance of that. 


© Example 5 Draw the circuit for experimental verification of Ohm’s law using a 
source of variable DC voltage, a main resistance of 100 Q, two galvanometers and 
two resistances of values 109 Q and 10 ? Q respectively. Clearly show the 


positions of the voltmeter and the ammeter. (JEE 2004) 
Solution _-.. Ammeter ^... .. Voltmeter 

/103 gv x 108* 

WS £8; —NwW- 


Variable DC voltage 


Type 5. Theory of bulbs or heater etc. 


Concept 


(i) From the rated (written) values of power (P) and potential difference (V) we can 
determine resistance of filament of bulb. 


=> R= ... (i) 
For example, if rated values on a bulb are 220 V and 60 W, it means this bulb will 
consume 60 W of power (or 60 J in 1 s) if a potential difference of 220 V is applied across 
it. Resistance of this bulb will be 


R 


2 
= T = 806.672 
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(ii) Normally, rated value of V remains same in different bulbs. In India, it is 220 volt. 


Therefore, from Eq. (1) 


1 
Re P Or Reowatt > R100 watt 


(iii) Actual value of potential difference may be different from the rated value. Therefore, 


actual power consumption may also be different. 


(iv) After finding resistance of the bulb using Eq. (i), we can apply normal Kirchhoff's laws 


e 


Note 


e 


for finding current passing through the bulb or actual power consumed by the bulb. 


Example 6 Prove that 60 W bulb glows more brightly than 100 W bulb if by 
mistake they are connected in series. 
Solution In series, we can use the formula 

P-i?R for the power consumption 
> P«R (as i is same in series) 
we have seen above that, 


Reo w > Rioow 
Pow > Pioow Hence Proved. 


In parallel 100 W bulb glows more brightly than 60 W bulb. Think why? 


Example 7 The rated values of two bulbs are(P,, V) and (P), V). Find actual 
power consumed by both of them if they are connected in 

(a) series 

(b) parallel 

and V potential difference is applied across both of them. 


2 2 
Solution (a) © R= La and R= x 
Bh P, 
2 2 2 
In series, P= Y acti là zx 5 PP, 
Rye Mths V V? P+R, 
P, P, 
or t E Ls t + Ans. 
P B B, 
(b) In parallel, 
merete 
Raet Raet R, Fs 
or p=v{ie+ 3) or P=P +P, Ans. 


Example 8 Heater-1, takes 3 minutes to boil a given amount of water. Heater-2 
takes 6-minutes. Find the time taken if, 

(a) they are connected in series 

(b) they are connected in parallel. 

Potential difference V in all cases is same. 
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Solution Here, the heat required (say H) to boil water is same. Let P, and P, are the powers of 


the heaters. Then, 


(a) In series, 


Now, 


(b) In parallel, 


H = Bt, = Py, 


_ GHI 3)(TI6) 


 B«B, 


(H13) + (H6) 


(Refer Example 7) 


Ans. 


Ans. 


© Example 9 A 100 W bulb B,, and two 60 W bulbs B, and B,, are connected to a 
250 V source as shown in the figure. Now W,,W, and. W, are the output powers 


of the bulbs B,, B, and B, respectively. Then, 


(a) W, > W, = W, 
2 


Solution P= X 
R 


rS 


Y B Y 2 
(op) Bs 
|,250V 


(b) W, > W,» Ws 


(c) W, < W  W, 


y? 
so, = — 
P 
y? y? 
100 ^n^ ^ R 60 
_ Q0 — 
IO CRY 
2 2 
W, = OU and W; = (250) 
(R, R5) R 


W; : W: W; =15:25:64 


The correct option is (d). 


or Wi < W < W3 


2 
Note We have used W =i°R for W, and W, and W = Z for W3. 


(JEE 2002) 


(d) W, < W< W, 
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© Example 10 An electric bulb rated for 500 W at 100 V is used in a circuit 


having a 200 V supply. The resistance R that must be put in series with the bulb, 
so that the bulb delivers 500 W is ...... Q. (JEE 1987) 
Solution Resistance of the given bulb 


Rp R 
100 V 100 V 
< 200 V 
2 2 
E Ve dd 
P 500 
To get 100 V out of 200 V across the bulb, 

R=R, =20 Ans. 


Example 11 A heater is designed to operate with a power of 1000 Win a 100 V 
line. It ts connected in combination with a resistance of 10 Q and a resistance R, to 
a 100 V mains as shown in the figure. What will be the value of R so that the heater 


operates with a power of 62.5 W? (JEE 1978) 
102 
MW- B Heater S 
W- 
R 
100 V 


y? 
Solution From P= T 


2 2 
Resistance of heater, - Xt E (100) =10Q 
P 1000 
From P-)R 
Current required across heater for power of 62.5 W, 
= fe xu odd 
R 10 
Main current in the circuit, I = 109 SOO UOTE R ee) 
104 OF 100 + 20R 10+2R 
10+ R 
This current will distribute in inverse ratio of resistance between heater and R. 
i= Z I 
10+ R 
m 5- R 10 (0+ R)| 10R 
10+ R 10+ 2R 10+ 2R 


Solving this equation, we get 
R=5Q Ans. 
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Type 6. 7o find current through a single external resistance in a complex circuit of batteries using 
the concepts of equivalent value of emf of battery 


Concept 
6v 20 


10V 


In the above circuit, if we have to find only i then two parallel batteries may be converted 
into a single battery. Then, this battery is in series with the third battery of emf 10 volt. 
Now, we can find current i from the equation, 

B Net emf 


'Total resistance 


6 Example 12 Find the value of i in the circuit shown above. 
Solution Equivalent emf of the parallel combination is 
E- Ej lr, + ET 
1/7 + 1/7 
62420 _ 
18418. 


4 volt 


Equivalent internal resistance of the parallel combination is 
nro (2) 2) 
ntrn 2-2 


10 


Now, the equivalent simple circuit is as shown below 


10V 5g 4V 4g 


Net emf 
Total resistance 
_ 10+4 
24145 


=1.75A Ans. 


Note By this concept, we can find only i. To find other currents (across 6V battery or 2V battery) we will have to 
apply Kirchhoff's laws. 


Miscellaneous Examples 


6 Example 13 Two sources of current of equal emf are connected in series and 
have different internal resistances r; and r; (t, » rj). Find the external resistance R 
at which the potential difference across the terminals of one of the sources 
becomes equal to zero. 

Solution V =E -ir 
E and i for both the sources are equal. Therefore, potential difference (V) will be zero for a 
source having greater internal resistance, i.e. Tz. 


a 0-2 E- ir, 
or E =iņ= 2E Te 
R+n+% 
2r,- Rn * rs 
or Rzsrn-n Ans. 
© Example 14 eh P 20 3V p x 
—w | WW L ww . 
C 19 12V 4Q B 
30 60 
6A 


Figure shows the part of a circuit. Calculate the power dissipated in 3 Q resistance. 
What is the potential difference Vo — Vg? 


Solution Applying Kirchhoff’s junction law at E current in wire DE is 8 A from D to E. Now 
further applying junction law at D, the current in 3 Q resistance will be 3 A towards D. 


Power dissipated in 3 Q resistance = i?R = (3)? (3) 227 W Ans. 
5A D 22 8A E 2A 
w | -W———]! wo 
E 10 avi, lea 42 
7 Zea 
Vo - Vg Vo 5x1+12 8x2 3 4x2-2Vg 


ea Vo — Vg =5-124+164+34+8 
or Vo — Vg =20 V Ans. 
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6 Example 15 The emf of a storage battery is 90 V before charging and 100 V 


after charging. When charging began the current was 10 A. What is the current at 
the end of charging if the internal resistance of the storage battery during the 
whole process of charging may be taken as constant and equal to 2 Q? 
Solution The voltage supplied by the charging plant is here constant which is equal to, 

V =E; + i-r =@0)+ (10) Q) 


=110 V 
Let iş be the current at the end of charging. 
Then, V=E, +ipr 
or ip = É — 
. 110— 100 
A 
-5A Ans. 


Example 16 A battery has an open circuit potential difference of 6 V between its 
terminals. When a load resistance of 60 Q is connected across the battery, the 
total power supplied by the battery is 0.4 W. What should be the load resistance 
R, so that maximum power will be dissipated in R. Calculate this power. What is 
the total power supplied by the battery when such a load is connected? 


Solution When the circuit is open, V = E 
E: E=6V 
Let r be the internal resistance of the battery. et 3 R 
Power supplied by the battery in this case is 
E? d 3 
(Rer 


2 
Substituting the values, we have 0.4= (6) 
60-r 


Solving this, we get r=380Q 


Maximum power is dissipated in the circuit when net external resistance is equal to net 
internal resistance or 


Rer 
E? R=30 Q Ans. 
Further, total power supplied by the battery under this condition is 
7 E? 7 6) 
T" Rer 30-430 
=0.6 W Ans. 


Of this 0.6 W half of the power is dissipated in R and half in r. Therefore, maximum power 
dissipated in R would be 


LY =0.3 W Ans. 
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6 Example 17 In which branch of the circuit shown in figure a 11 V battery be 
inserted so that it dissipates minimum power. What will be the current through 
the 2 Q resistance for this position of the battery? 


Solution Suppose, we insert the battery with 2 Q resistance. Then, we can take 2 Q as the 
internal resistance (r) of the battery and combined resistance of the other two as the external 
resistance (R). The circuit in that case is shown in figure, 


E 


Now power, P — 
R+r 


This power will be minimum where R + ris maximum and we can see that (R + r) will be 
maximum when the battery is inserted with 6 Q resistance as shown in figure. 


tio 
$20 T sn 
av 
> > 
Net resistance in this case is 
2x4 22 
+ =z 
2+4 3 
pa edu 
2213 
This current will be distributed in 2 Q and 4 Q in the inverse ratio of their resistances. 
aio 
is 2 


2 
ij =| — | @.5)=1.0 A Ans. 
" zi. ) e 
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© Example 18 An ammeter and a voltmeter are connected in series to a battery of 
emf E — 6.0 V. When a certain resistance is connected in parallel with the 
voltmeter, the reading of the voltmeter decreases two times, whereas the reading 
of the ammeter increases the same number of times. Find the voltmeter reading 
after the connection of the resistance. 


Solution Let R= resistance of ammeter 


< | H < 
6v 
Potential difference across voltmeter = 6 — potential difference across ammeter 
In first case, Vz6-iR (i) 
In second case, x =6- (2i) R ...(ii) 


Solving these two equations, we get 
V =4 volt 
V/2 =2 volt Ans. 


© Example 19 A voltmeter of resistance R, and an ammeter of resistance R, are 
connected in series across a battery of negligible internal resistance. When a 
resistance R is connected in parallel to voltmeter, reading of ammeter increases 
three times while that of voltmeter reduces to one third. Find R, and R, in terms 
of R. 
Solution Let E be the emf of the battery. E 
< | H 


In the second case main current increases three times while 
current through voltmeter will reduce to i /3. Hence, the 


remaining 3i — i /3 = 8i /3 passes through R as shown in figure. Ji | 
i 8i 
Vo v-(3)&-($)8 R R 
or R,-8R Ans. j a> = 
E 
A < T G 
y 3i A 
uh 
DO 7€ P ay D 
BL HA > V F 
Ro MR 
8i 
3 Y 
WW- 
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x . A 1 
In the second case, main current becomes three times. Therefore, total resistance becomes 8 


times or 
gra ng Ut RO 
Substituting R, 2 8R, we get 
R= x Ans. 


Example 20 Find the current in each branches of the circuit. 


50 A 4Q 
iw MM- 
21V fon | 
-5V 
80 
E AMW- AMW- B 
19 C 
EW- D 
160 


2V 


Solution It is possible to use Kirchhoffs laws in a slightly different form, which may simplify 
the solution of certain problems. This method of applying Kirchhoffs laws is called the loop 
current method. 


In this method, we assign a current to every closed loop in a network. 


jc ees A 4Q 
1 LWW WW 
21V š 

60 | 

> Pep 
80 

E W- C W- B 

10 

P 

AM- D 


|! 
2V 160 

Suppose currents i, i and i; are flowing in the three loops. The clockwise or anti-clockwise 
sense given to these currents is arbitrary. Applying Kirchhoffs second law to the three loops, 
we get 


21-—5bi,—6 (i, ij) — i, =0 Gi) 
54,6, 21) BU. i)=0 i) 
and 2-8 (i, + i)—16i, =0 .. (iii) 


Solving these three equations, we get 


HIA, ig=- 5A and i, =7A 


Note 
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Therefore, current in different branches are as shown in figure given below. 


50 42 
1 Hm 
SN 0.5A 
60 “_ 5V 
2A4 
11.54 I 
2A 80 
E -—WNWN——« WW B 
19 C 0.25A 
40.25A [ 
| aym- D 
2V 160 


In wire AC, current is i; + i, and in CB it isi, + i}. 


© Example 21 What amount of heat will be generated in a coil of resistance R due 


to a charge q passing through it if the current in the coil 
(a) decreases down to zero uniformly during a time interval to? 
(b) decreases down to zero halving its value every ty seconds? 
HOW TO PROCEED Heat generated in a resistance is given by 
Hei hi 
We can directly use this formula provided i is constant. Here, i is varying. So, first 
we will calculate i at any time t, then find a small heat dH in a short interval of 
time dt. Then by integrating it with proper limits we can obtain the total heat 


produced. 
Solution (a) The corresponding i-t graph will be a straight line with i decreasing from a peak 


value (say ij) to zero in time tọ. 


ae i 
izio- (2): 
0 


Here, ij is unknown, which can be obtained by using the fact that area 
the flow of charge. Hence, 


i-t equation will be as 


tQ) 


(y=-mx+Qġ 


under i-t graph gives 


to t 


2-5 (to) Gg) 


Substituting in Eq. (i), we get 
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or i= E — 4 
to to 
Now, at time f, heat produced in a short interval dt is 
dH - i?R dt 
aa M TT 
to to 
Total heat produced = IN dH 
to[ 2 2gt ? 
or H=|°| 2-2] Rdt 
Lb to 
-A d R 
3 to 


(b) Here, current decreases from some peak value (say i) to zero exponentially with half 


life tọ. 


to t 
i-t equation in this case will be 
i=ipe™ 
Here, N= me) 
to 
£e E y —ÀAt _ To 
Now, q=[jidt=|. ig € a- (8 
ig-Aq 
i = (Aq) a> 
dH = iR dt = Mq?e?" R dt 
2 
or H - ['dH - VR [^ e?" gyz TR 
0 0 2 

2 

Substituting À = In @) , we have H = qR uy. 
to Qty 
Note In radioactivity, half-life is given by 
In2 
Fs So 
RIJ 
In2 


Ans. 


Ans. 


Exercises 


LEVEL 1 


Assertion and Reason 


1. 


2. 


3. 


4. 


Directions: Choose the correct option. 

(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 

(d) If Assertion is false but the Reason is true. 


Assertion: If potential difference across two points is zero, current between these two points 
should be zero. 


Reason: Current passing from a resistor 


pet 
R 
Assertion: Inthe part ofthe circuit shown in figure, maximum A 
power is produced across R. j 
y? 
Reason : Power P = E 
R 


Assertion: Current J is flowing through a cylindrical wire of non-uniform cross-section as 
shown. Section of wire near A will be more heated compared to the section near B. 
B 


A 


Reason: Current density near Ais more. 


Assertion: Inthe circuit shown in figure after closing the switch S reading of ammeter will 
increase while that of voltmeter will decrease. 


S 


© 
poslea 


Reason: Net resistance decreases as parallel combination of resistors is increase d. 
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10. 


11. 
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. Assertion: In the circuit shown in figure ammeter and voltmeter are non-ideal. When 


positions of ammeter and voltmeter are changed, reading of ammeter will increase while that 
of voltmeter will decrease. 


Reason: Resistance of an ideal ammeter is zero while that of an ideal voltmeter is infinite. 


. Assertion: In the part of a circuit shown in figure, given that V, > V,. The current should 


flow from b to a. 

a b 

o— MWW——]r—e 
Reason: Direction of current inside a battery is always from negative terminal to positive 
terminal. 


. Assertion: In the circuit shown in figure Ris variable. Value of current / is maximum when 


R-r. 


Reason: At R=r, maximum power is produced across R. 


. Assertion: If variation in resistance due to temperature is taken into consideration, then 


current in the circuit I and power produced across the resistance P both will decrease with 
time. 


Reason: V = IR is Ohm's law. 


. Assertion: When a potential difference 1s applied across a conductor, free electrons start 


travelling with a constant speed called drift speed. 

Reason: Due to potential difference an electric field 1s produced inside the conductor, in 
which electrons experience a force. 

Assertion: When temperature of a conductor is increased, its resistance increases. 
Reason: Free electrons collide more frequently. 

Assertion: Two non-ideal batteries are connected in parallel with same polarities on same 
side. The equivalent emf 1s smaller than either of the two emfs. 


Reason: Two non-ideal batteries are connected in parallel, the equivalent internal 
resistance is smaller than either of the two internal resistances. 
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Objective Questions 


1. 


10. 


An ammeter should have very low resistance 

(a) to show large deflection 

(b) to generate less heat 

(c) to prevent the galvanometer 

(d) so that it may not change the value of the actual current in the circuit 


. A steady current flows in a metallic conductor of non-uniform cross-section. The quantity/ 


quantities which remain constant along the length of the conductor is/are 
(a) current, electric field and drift speed (b) drift speed only 
(c) current and drift speed (d) current only 


. If M = mass, L= length, T = time and J = electric current, then the dimensional formula of 


resistance R will be given by 


(a) [R] = [MLT I?] (b) [R] = [MT ? P] 
(c) [R] = IM? 1?] (4) [R] = [M T? P] 
The unit of electrical conductivity is 
(a) ohm-m? (b) ohm x m 
(c) ohm !-m^! (d) None of these 
. Through an electrolyte an electrical current is due to drift of 
(a) free electrons (b) positive and negative ions 
(c) free electrons and holes (d) protons 


. The current in a circuit with an external resistance of 3.75 Q is 0.5 A. When a resistance of 1 Q 


1s introduced into the circuit, the current becomes 0.4 A. The emf of the power source is 
(32)1V (52V 
(c) 3 V (d) 4V 


. The deflection in a galvanometer falls from 50 divisions to 20 divisions, when a 12 Q shunt is 


applied. The galvanometer resistance is 
(a) 18 Q (b) 242 
(c) 30 Q (d) 36 Q 


. If 2% of the main current is to be passed through the galvanometer of resistance G, the 


resistance of shunt required 1s 

G G 
(a) 49 (b) 50 
(c) 49G (d) 50G 


. If the length of the filament of a heater is reduced by 10%, the power of the heater will 


(a) increase by about 9% 

(b) increase by about 1196 
(c) increase by about 1996 
(d) decrease by about 10% 


N identical current sources each of emf E and internal resistancer are connected ay 
to form a closed loop as shown in figure. The potential difference between points 

A and B which divides the circuit into n and (N — n) units is 

(a) NE (b) N - n)E V E 
(c) nE (d) zero ~S 
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11. 


12. 


13. 


14. 


15. 


16. 


A 2.0 V potentiometer is used to determine the internal resistance of a 1.5 V cell. The balance 
point of the cell in the open circuit 1s 75 cm. When a resistor of 10 Q is connected across the cell, 
the balance point shifts to 60 cm. The internal resistance of the cell is 

(a) 1.5 (b) 2.5 

(c) 3.52 (d) 4.59 


Three resistances are joined together to form a letter Y, as shown in figure. If the potentials of 
the terminals A, B and C are 6 V, 3 V and 2 V respectively, then the potential of the point O 
will be 


A«*6V. +3V»B 
60 30 
o 
20 
«2VÀC 
(a) 4V (b) 3V 
(c) 2.5 V (d) OV 


The drift velocity of free electrons in a conductor is v, when a current i is flowing in it. If both 
the radius and current are doubled, then the drift velocity will be 

(a) v (b) v/2 

(c) v/4 (d) v/8 

A galvanometer is to be converted into an ammeter or voltmeter. In which of the following cases 
the resistance of the device 1s largest? 

(a) an ammeter of range 10A 

(b) a voltmeter of range 5 V 

(c) an ammeter of range 5 A 

(d) a voltmeter of range 10 V 


In the given circuit the current flowing through the resistance 20 Q is 0.3 A, while the ammeter 
reads 0.8 A. What is the value of R,? 


"EM NNS 


(a) 30 Q (b) 40 Q 
(c) 50 0 (d) 60 Q 


An ammeter and a voltmeter are joined in series to a cell. Their readings are Aand V 
respectively. If a resistance 1s now joined in parallel with the voltmeter, then 

(a) both A and V will increase 

(b) both A and V will decrease 

(c) A will decrease, V will increase 

(d) A will increase, V will decrease 


17. 


18. 


19. 


20. 


21. 


22. 
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A resistor R has power of dissipation P with cell voltage E. The resistor is cut in n equal parts 
and all parts are connected in parallel with same cell. The new power dissipation is 


(a) nP (b) nP? 
(c) n^P (d) n/P 
In the circuit diagram shown in figure, a fuse bulb can cause all other bulbs to go out. Identify 
the bulb 
(B) (Cw 
OTOOTO 
At 
7 © © 
(a) B (b) C 
(c) A (d DorE 


Two batteries one of the emf 3 V, internal resistance 1 Q and the other of emf 15V, internal 
resistance 2 Q are connected in series with a resistance R as shown. If the potential difference 
between points a and bis zero, the resistance R in Q is 


a b 
3V, 10 15V, 20 
R 
MW 
(a) 5 (b) 7 
(c) 3 (d) 1 


A part of a circuit is shown in figure. Here reading of ammeter is 5 A and voltmeter is 100 V. If 
voltmeter resistance is 2500 ohm, then the resistance R is approximately 


R 
W 
(v) 


(a) 200 (b) 10 0 
(c) 100 Q (d) 2002 


A copper wire of resistance Ris cut into ten parts of equal length. Two pieces each are joined in 
series and then five such combinations are joined in parallel. The new combination will have a 
resistance 


R R R 
(a) R (b) 2 (c) r3 (d) Hm 


Two resistances are connected in two gaps of a meter bridge. The balance point is 20 cm from 
the zero end. A resistance of 15 Q is connected in series with the smaller of the two. The null 
point shifts to 40 cm. The value of the smaller resistance in Q is 

(a) 3 (b) 6 

(c) 9 (d) 12 
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23. 


24. 


25. 


26. 


27. 


28. 


In the given circuit, the voltmeter records 5 volt. The resistance of the voltmeter in Q is 


100 Q 500 


(a) 200 (b) 100 

(c) 10 (d) 50 

The wire of potentiometer has resistance 4 O and length 1 m. It is connected to a cell of emf 
2 volt and internal resistance 1 Q. If a cell of emf 1.2 volt is balanced by it, the balancing length 
will be 

(a) 90 cm (b) 60 cm 

(c) 50cm (d) 75 cm 


The potential difference between points A and B, in a section of a circuit shown, is 


1A 2A 
20 20 

AMAN MN M^ M 

3A A 3V 2V B 
(a) 5 volt (b) 1 volt 
(c) 10 volt (d) 17 volt 
Two identical batteries, each of emf 2 V and internal resistancer = 1 Q 19 2V 
are connected as shown. The maximum power that can be developed mw 
across R using these batteries is 19 
(a) 3.2 W WW i 
(b) 8.2 W RO A 
(c) 2 W vvv 
(d) 4W 
For a cell, the terminal potential difference is 2.2 V, when circuit is open and reduces to 1.8 V. 


When cell is connected to a resistance R = 5Q, the internal resistance of cell (r) is 


10 9 
IO —Q 
(a) 9 (b) 10 
11 5 
— gQ d) -Q 
(c) 9 (d) 9 
The potential difference between points A and Bin the circuit shown 252 A4 10V, 2.50 
in figure, will be 
(a) 1V 
(b 2V = 
(c) -3 V B i | 


(d) None of the above 5V, 2.5Q 


29. 


30. 


31. 
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Potentiometer wire of length 1 m is connected in series with 490 Q resistance and 2 Vbattery. If 
0.2 mV/cm is the potential gradient, then resistance of the potentiometer wire is 
approximately 

(a) 4.9 Q (b) 7.9 0 (c) 5.9 Q. (d) 6.9 Q 


Find the ratio of currents as measured by ammeter in two cases when the key is open and when 
the key 1s closed 


R 2R 
k 
2R R 
(a) 9/8 (b) 10/11 (c) 8/9 (d) None of these 


A galvanometer has a resistance of 3663 Q. A shunt S is connected across it such that (1/ 34) of 
the total current passes through the galvanometer. Then, the value of the shunt is 
(a) 222 Q (b) 1112 (c) 112 (d) 229 


Note Attempt the following questions after reading the chapter of capacitors. 


32. 


33. 


34. 


The network shown in figure is an arrangement of nine identical resistors. 
The resistance of the network between points Aand B is 1.5 Q. The 
resistance r is 

(a) 1.1Q 

(b) 3.3 Q 

(c) 1.8 O. 

(d) 1.6 Q 


The equivalent resistance of the hexagonal network as shown in figure between points A and B 
is 


(a) r (b) 0.5 r (c) 2r (d) 3r 


A uniform wire of resistance 18 Q is bent in the form of a circle. The 


effective resistance across the points a and bis od 
(a) 3Q 

(b 20 ob 
(c) 2.5 Q 


(d) 6Q 
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35. 


36. 


37. 


38. 


39. 


Each resistor shown in figure is an infinite network of resistance 1 O. The effective resistance 
between points A and Bis 


10 10 10 10 10 
10 10 10 10 
WM WW — *4 B WM WW —--- 
19 10 10 10 
(a) less than 1 Q (b 19 
(c) more than 1 O but less than 3 O (d) 3 


In the circuit shown in figure, the total resistance between points A and Bis Rọ. The value of 
resistance R is 


R R 
Ae—Ww WM 
R Ro 
B 
R R 

a) R b) J3 R e) —2 d) —2 
(a) Ro (b) 0 (c) 2 (d) 13 
In the circuit shown in the figure, R= 55 Q, the equivalent resistance between the points 
P and Q is 

P O 

Qo eR 
(a) 30 Q (b) 35 Q 
(c) 55 Q. (d) 25 Q 
The resistance of all the wires between any two adjacent dots is R. Then, A 
equivalent resistance between A and B as shown in the figure 1s 
(a) (7/3) R 
(b) (7/6) R 
(c) 14/8) R B 


(d) None of the above 


A uniform wire of resistance 4 Q is bent into a circle of radius r. A specimen of the same wire is 
connected along the diameter of the circle. What 1s the equivalent resistance across the ends of 
this wire? 


4 3 
7 ETT 
2 1 
i (2+ n) : «) (14 x) s 


Chapter 23 Current Electricity ° 83 


40. In the network shown in figure, each resistance is R. The equivalent 


41. 


Subjective Questions 
4. 


resistance between points A and Bis 


The equivalent resistance between the points Aand B is (R is the \A 
resistance of each side of smaller square) 


3R 
(a) R (b) 43 


R 
(c) 2R (d) 3 


When a steady current passes through a cylindrical conductor, is there an electric field inside 
the conductor? 


. Electrons in a conductor have no motion in the absence of a potential difference across it. Is this 


statement true or false? 


. In the Bohr model of hydrogen atom, the electron 1s pictured to rotate in a circular orbit of radius 


5x 107"! m, at a speed 2.2 x 10° m/s. What is the current associated with electron motion? 


A 120 V house circuit has the following light bulbs switched on : 40 W, 60 W and 75 W. Find the 
equivalent resistance of these bulbs. 


. Assume that the batteries in figure have negligible internal resistance. Find 


(a) the current in the circuit, 
(b) the power dissipated in each resistor and 
(c) the power of each battery, stating whether energy is supplied by or absorbed by it. 


. The potentiometer wire AB shown in figure is 40 cm long. Where the free end of the 


galvanometer should be connected on AB so that the galvanometer may show zero deflection? 
80 120 
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7. 


10. 


11. 


12. 


13. 


14. 


. In figure, Æ = 12 Vand E, = 8 V. 


An ideal voltmeter V is connected to a 2.0Q resistor and a battery 0o59 90V 
with emf 5.0 V and internal resistance 0.5 Q as shown in figure : WW | 
(a) What is the current in the 2.0 Q resistor? 

(b) What is the terminal voltage of the battery? 


(c) What is the reading of the voltmeter? WW (Vv) 
200 


(a) What is the direction of the current in the resistor? 
(b) Which battery is doing positive work? 
(c) Which point, A or B, is at the higher potential? 


. In figure, if the potential at point P is 100 V, what 1s the potential at point Q? 


Q 3.00 


Copper has one conduction electron per atom. Its density is 8.89 g/ cm? and its atomic mass is 
63.54 g/ mol. If a copper wire of diameter 1.0 mm carries a current of 2.0 A, what 1s the drift 
speed of the electrons in the wire? 


An aluminium wire carrying a current has diameter 0.84 mm. The electric field in the wire is 
0.49 V/m. What 1s 
(a) the current carried by the wire? 
(b) the potential difference between two points in the wire 12.0 m apart? 
(c) the resistance of a 12.0 m length of this wire? 
Specific resistance of aluminium is 2.75 x 10? Q -m. 
A conductor of length / has a non-uniform cross-section. The radius of cross-section varies 


linearly from a to b. The resistivity of the material 1s p. Find the resistance of the conductor 
across its ends. " 
at iL 


E — — 1 


If a battery of emf E and internal resistance r 1s connected across a load of resistance R. Show 
that the rate at which energy is dissipated in R is maximum when R=r and this maximum 
power is P = E?/4r. 


Two identical batteries each of emf E = 2 volt and internal resistancer = 1 ohm are available to 
produce heat in an external resistance by passing a current through it. What is the maximum 
power that can be developed across an external resistance R using these batteries? 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 
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Two coils connected in series have resistance of 600Q and 300Q at 20? C and temperature 
coefficient of 0.001 and 0.004 (° C) ‘respectively. Find resistance of the combination at a 


temperature of 50? C. What 1s the effective temperature coefficient of combination? 


An aluminium wire 7.5 m long is connected in parallel with a copper wire 6 m long. When a 
current of 5 A is passed through the combination, it is found that the current in the aluminium 
wire is 3 A. The diameter of the aluminium wire is 1 mm. Determine the diameter of the copper 
wire. Resistivity of copper is 0.017 uQ -m and that of the aluminium is 0.028 ji Q-m. 


The potential difference between two points in a wire 75.0 cm apart is 0.938 V, when the 

current density is 4.40 x 10’ A/ m?. What is 

(a) the magnitude of E in the wire? 

(b) the resistivity of the material of which the wire is made? 

A rectangular block of metal of resistivity p has dimensions d x 2d x 3d. A potential difference 

Vis applied between two opposite faces of the block. 

(a) To which two faces of the block should the potential difference V be applied to give the maximum 
current density? What is the maximum current density? 

(b) To which two faces of the block should the potential difference V be applied to give the maximum 
current? What is this maximum current? 


An electrical conductor designed to carry large currents has a circular cross-section 2.50 mm in 

diameter and is 14.0 m long. The resistance between its ends is 0.104 O. 

(a) What is the resistivity of the material? 

(b) If the electric field magnitude in the conductor is 1.28 V/m, what is the total current? 

(c) If the material has 8.5 x 107? free electrons per cubic metre, find the average drift speed under 
the conditions of part (b). 


It is desired to make a 20.0 Q coil of wire which has a zero thermal coefficient of resistance. To 
do this, a carbon resistor of resistance R, is placed in series with an iron resistor of resistance 
R,. The proportions of iron and carbon are so chosen that R, + R,- 20.00 Q for all 
temperatures near 20°C. How large are R) and R,? Given, à, =-0.5x10° K ! and 


Op, = 50x 10? KT. 


Find the current supplied by the battery in the circuit shown in figure. 
80 


: 


24V 


120 


Calculate battery current and equivalent resistance of the network shown in figure. 
80 


; 


40 
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23. Compute total circuit resistance and battery current as shown in figure. 


80 
WW 
-—r- 24 V 
WW- 
120 
24. Compute the value of battery current i shown in figure. All resistances are in ohm. 
j 6 
I 
> W- 
E3 
12V 12 
3 
< -AWw- 
2 


25. Calculate the potentials of points A, B, C and D as shown in Fig. (a). What would be the new 
potential values if connections of 6 V battery are reversed as shown in Fig. (b)? All resistances are 


in ohm. 

A A 

= 12V 13 — 12V E 
+B 9B 

Gt—0V 2$ Gr—_ 0V 23 
= lc = ic 

—-6V E = 6V 38 
D D 


(a) (b) 


@ Vi (i) Vs (ii) Va Qv) V3 _2 
(v) Vi.9 (vi) Vis 
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27. The emf E and the internal resistance r of the battery shown in figure are 4.3 V and 1.0 Q 
respectively. The external resistance R is 50 Q. The resistances of the ammeter and voltmeter 
are 2.0 Q and 200 Q, respectively. 


E r 


R 
WW (A) 


o 


NU 


(a) Find the readings of the two meters. 
(b) The switch is thrown to the other side. What will be the readings of the two meters now? 


28. Find the current in each branch of the circuit shown in figure. 


42V 50 4Q 


160 
D 
gs 


29. An electrical circuit is shown in figure. Calculate the potential difference across the resistor of 
400 Q as will be measured by the voltmeter V of resistance 400 Q either by applying Kirchhoff's 


rules or otherwise. (JEE 1996) 
V 
400 Q 
-AW- 
100 Q 1000 20092 
MW —WNW-MTANW- 
2?! j 000 
i | 
< | H 
10V 
30. In the circuit shown in figure V, and V, are two voltmeters of resistances jE 
3000 Q and 2000 Q, respectively. In addition R, = 2000 Q, R, = 3000 Q |! 
and E = 200 V, then 


(a) Find the reading of voltmeters V; and V; when (v) D 
() switch S is open 
(i) switch S is closed T 
(b) Current through S, when it is closed 
(Disregard the resistance of battery) 
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31. 


32. 


33. 


34. 


35. 


36. 


37. 


In figure, circuit section AB absorbs energy at the rate of 5.0 W when a current i = 1.0 A passes 
through it in the indicated direction. 


>w 
^ R=20Q E B 


(a) What is the potential difference between points A and B? 

(b) Emf device X does not have internal resistance. What is its emf? 

(c) What is its polarity (the orientation of its positive and negative terminals)? 

The potential difference across the terminals of a battery is 8.4 V when there 1s a current of 
1.50 A in the battery from the negative to the positive terminal. When the current is 3.50 A in 
the reverse direction, the potential difference becomes 9.4 V. 

(a) What is the internal resistance of the battery? 

(b) What is the emf of the battery? 


A battery of emf 2.0 V and internal resistance 0.10 Q is being charged with a current of 5.0 A. 
Find the potential difference between the terminals of the battery? 


Find the currents in different resistors shown in figure. 


20 80 
WW- WW- 
$20 4Q Zso 

2V 

jt 

2V 2V 


A resistance box, a battery and a galvanometer of resistance G ohm are connected in series. If 
the galvanometer is shunted by resistance of S ohm, find the change in resistance in the box 
required to maintain the current from the battery unchanged. 


Determine the resistance r if an ammeter shows a current of I = 5 A and a voltmeter 100 V. The 
internal resistance of the voltmeter is R = 2,500 Q. 


A 
A) Ww- 


V 


In the circuit, a voltmeter reads 30 V when it is connected across 400 Q resistance. Calculate 
what the same voltmeter will read when it is connected across the 300 Q resistance? 


60 V 
T 
300 Q 400 Q 
W- W- 


W) 
WY) 


38. 


39. 


40. 


41. 


42. 


43. 


44. 
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Resistances R, and R,, each 60 Q, are connected in series. The potential difference between 
points A and B is 120 V. Find the reading of voltmeter connected between points C and D if its 
resistance r = 120 Q. 


A B 


[3 Ro 


A moving coil galvanometer of resistance 20 Q gives a full scale deflection when a current of 
1 mA is passed through it. It is to be converted into an ammeter reading 20 A on full scale. But 
the shunt of 0.005 only is available. What resistance should be connected in series with the 
galvanometer coil? 


A cell of emf 3.4 V and internal resistance 3 Q is connected to an ammeter having resistance 
2 Q and to an external resistance of 100 Q. When a voltmeter is connected across the 100 Q 
resistance, the ammeter reading is 0.04 A. Find the voltage reading by the voltmeter and its 
resistance. Had the voltmeter been an ideal one what would have been its reading? 


(a) A voltmeter with resistance Ry is connected across the terminals of a battery of emf E and 
internal resistance r. Find the potential difference measured by the voltmeter. 

(b) If E = 7.50 V and r 20.45 Q, find the minimum value of the voltmeter resistance Ry so that the 
voltmeter reading is within 1.0% of the emf of the battery. 

(c) Explain why your answer in part (b) represents a minimum value. 


(a) An ammeter with resistance R, is connected in series with a resistor R, a battery of emf £ and 
internal resistance r. The current measured by the ammeter is I4. Find the current through the 
circuit if the ammeter is removed so that the battery and the resistor form a complete circuit. 
Express your answer in terms of I4,r, R4 and R. Show that more “ideal” the ammeter, the 

smaller the difference between this current and the current I4. 

(b) If £23.80 Q,e = 7.50 V andr 20.45 Q, find the maximum value of the ammeter resistance R, so 
that I, is within 99% of the current in the circuit when the ammeter is absent. 


(c) Explain why your answer in part (b) represents a maximum value. 


Each of three resistors in figure has a resistance of 2.4 Q and can dissipate a maximum of 36 W 
without becoming excessively heated. What is the maximum power the circuit can dissipate? 


W- 


AW- 


A storage battery with emf 2.6 V loaded with external resistance produces a current 1 A. In this 
case, the potential difference between the terminals of the storage battery equals 2 V. Find the 
thermal power generated in the battery and the net power supplied by the battery for external 
circuit. 
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45. In the circuit shown in figure E, = 7 V, E 21V, R = 20, R,=2Q and R = 3 Q respectively. 
Find the power supplied by the two batteries. 
WW- WW- 


46. In the circuit shown in figure, find 


ww E . 
a | 

102 120V q 
5.02 

b C 

: WW- : 


(a) the rate of conversion of internal (chemical) energy to electrical energy within the battery 
(b) the rate of dissipation of electrical energy in the battery 
(c) the rate of dissipation of electrical energy in the external resistor. 


47. Three resistors having resistances of 1.60 Q, 2.40 Q and 4.80 Q are connected in parallel to a 
28.0 V battery that has negligible internal resistance. Find 


(a) the equivalent resistance of the combination. 

(b) the current in each resistor. 

(c) the total current through the battery. 

(d) the voltage across each resistor. 

(e) the power dissipated in each resistor. 

(f) which resistor dissipates the maximum power the one with the greatest resistance or the least 
resistance? Explain why this should be. 


48. (a) The power of resistor is the maximum power the resistor can safely dissipate without too rise in 
temperature. The power rating of a 15 kQ resistor is 5.0 W. What is the maximum allowable 
potential difference across the terminals of the resistor? 


(b) A 9.0 kQ resistor is to be connected across a 120 V potential difference. What power rating is 
required? 


Note Attempt the following questions after reading the chapter of capacitors. 


49. Find the equivalent resistance between points A and B in the following circuits : 


40 
WW 
B 
A 40 B 


(a) (b) 
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22 


(g) 


50. What will be the change in the resistance of a circuit between A and F consisting of five 
identical conductors, if two similar conductors are added as shown by the dashed line in figure? 


F 


A C E 


51. Find Ry, in the circuit, shown in figure. 


150 


60 
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52. Find the equivalent resistance of the networks shown in figure between the points a and b. 
r 


(a) (b) 


(e) 


53. Find the equivalent resistance of the circuits shown in figure between the points a and b. Each 
resistor has a resistance r. 


(a) (b) 


LEVEL 2 


Single Correct Option 


1. Two cells A and B of emf 1.3 V and 1.5 V respectively are arranged as shown in figure. The 
voltmeter reads 1.45 V. The voltmeter is assumed to be ideal. Then 


E, n1 


(a) 7 -2ry (b) n 23r; (c) r, 2 2n (d) r, 3n 


2. 


3. 


4. 
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A voltmeter connected in series with a resistance R, to a circuit indicates a voltage V, = 198 V. 
When a series resistor R, = 2R, is used, the voltmeter indicates a voltage V, = 180 V. If the 
resistance of the voltmeter is Ry = 900 Q, then the applied voltage across A and Bis 


A A 
R, Ro = 2R, 
198V 180V 
B B 
(a) 210 V (b) 200 V 
(c) 220 V (d) 240 V 


All bulbs in the circuit shown in figure are identical. Which bulb glows most brightly? 


TT 

(D) 
(a) B (b A 
() D (d C 


A student connects an ammeter A and a voltmeter V to measure a resistance R as shown in 
figure. If the voltmeter reads 20 V and the ammeter reads 4 A, then R is 


2 


(a) equal to 5 Q 

(b) greater than 5 Q 

(c) less than 5 Q 

(d) greater or less than 5 Q depending upon the direction of current 


. The given figure represents an arrangement of potentiometer for the calculation of internal 


resistance (r) of the unknown battery (E). The balance length is 70.0 cm with the key opened 
and 60.0 cm with the key closed. Ris 132.40 Q. The internal resistance (r) of the unknown cell 


will be 
LEAN — ] 


A B 
CN 
| CAM 


(a) 22.1 Q (b) 113.5 O 
(c) 154.5 O (d) 10 Q 
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6. Switch S is closed at time t = 0. Which one of the following statements is correct? 


| IAN | H 
E4 n E> r2 
s" 
R 
WM 


(a) Current in the resistance R increases if Eir < E;(R + n) 
(b) Current in the resistance R increases if Eir, > E;(R + n) 
(c) Current in the resistance R decreases if Er > E.(R+ n) 
(d) Current in the resistance R decreases if Eir, = E;(R + n) 


7. A, Band C are voltmeters of resistances R,1.5R and 3R respectively. When some potential 
difference is applied between x and y, the voltmeter readings are V, , Vg and Vo, then 


© 
mma E 
© 
(a) V4 = Vs » Vo (b) Va € Vg 2 Vo (c) V4 » Vg * Vc (d) Va + V5 =Vo 


8. In the circuit shown, the voltage drop across the 15 Q resistor is 30 V having the polarity as 
indicated. The ratio of potential difference across 5 Q resistor and resistance R is 


2A T 
ean AA A 
5A 50 
A— ww 2 E x F 


o 

eo 

< 
= 


(a) 2/7 (b) 0.4 (c) 5/7 (d) 1 


9. In an experiment on the measurement of internal resistance of a cell by using a potentiometer, 
when the key K is kept open then balancing length is obtained at y metre. When the key K is 
closed and some resistance R is inserted in the resistance box, then the balancing length is 
found to be x metre. Then, the internal resistance is 


WM 
Ep 
A B 
E;r = 
| (G) 


I T— v0 
| G 


mÝ 


+ — Rp 
|| 
| 


J x y x 
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10. A source of emf E = 10 V and having negligible internal resistance is connected to a variable 
resistance. The resistance varies as shown in figure. The total charge that has passed through 
the resistor R during the time interval from 1, to t; is 


hee heus 
(a) 40 log, 4 (b) 30 log, 3 
(c) 20 log, 2 (d) 10 log, 2 
11. In order to increase the resistance of a given wire of uniform cross-section to four times its 


value, a fraction of its length is stretched uniformly till the full length of the wire becomes - 
times the original length. What is the value of this fraction? 
(a) + (b) + 
4 8 
1 1 
pus d) = 
(o) i6 (d) E 


12. The figure shows a meter bridge circuit with AB = 100 cm, X = 12 Q and R = 18 Q and the jockey 
J in the position of balance. If R is now made 8 Q, through what distance will J have to be 
moved to obtain balance? 

*|- 


[EM M4 

p kJ B 
O 

(a) 10 cm (b) 20 cm 

(c) 30 cm (d) 40 cm 


13. A milliammeter of range 10 mA and resistance 9 Q is joined in a circuit as shown. The meter 
gives full scale deflection for current J when A and B are used as its terminals, i.e. current 
enters at A and leaves at B (C is left isolated). The value of J is 


90, 10mA 


(a) 100 mA (b) 900 mA 
(c) 1A (d) 1.1A 
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14. A battery of emf E; = 12 V is connected across a 4 m long uniform Eo R-4Q 
wire having resistance 4 Q/m. The cell of small emfs £ = 2 Vand 
£9 = 4 V having internal resistance 2 Q and 6 Q respectively are 


connected as shown in the figure. If galvanometer shows no N B 
deflection at the point N, the distance of point N from the point A "m 
1s equal to 
5 4 
a) >m am 
(a) A (b) 3 
(c) =m (d) None of these g '2 


15. In the circuit shown, when keys K, and K, both are closed, the ammeter reads J). But when K, 
is open and K, is closed, the ammeter reads 75/2. Assuming that ammeter resistance is much 
less than Ry, the values ofr and R in Q are 


Pad pr ad 
Ki K2 1000 
Ry Ro =1002 
| —6 
Er 
(a) 25, 50 (b) 25, 100 
(c) 0, 100 (d) 0, 50 


16. In the circuit shown in figure, V must be 


(a) 50V (b) 80V 
(c) 100 V (d) 1290 V 


17. In the circuit shown in figure ammeter and voltmeter are ideal. If E = 4 V, R= 9Q andr 219, 
then readings of ammeter and voltmeter are 
(v) 


R R 
VWMNANNI-HTIHRANANNI— AANNNI- 
Er R 
~ 
M 
(a) 1A,3V (b 2A,3V 


(c) 3A, 4V (d 4A,4V 


18. 


19. 


20. 


21. 


22. 
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A moving coil galvanometer is converted into an ammeter reading up to 0.03 A by connecting a 
shunt of resistance Z, What is the maximum current which can be sent through this 


galvanometer, if no shunt is used. (Here, r = resistance of galvanometer) 


(a) 0.004 A (b) 0.005 A 
(c) 0.006 A (d) 0.008 A 
The potential difference between points A and Bis 
80 pg 62 
WWWM—9—NNM 
40 A 32 
10V 
| 
| I 
20 40 
— V — V 
(a) 7 (b) 7 
(c) z V (d) zero 


Two wires A and B made of same material and having their lengths in the ratio 6:1 are 
connected in series. The potential difference across the wires are 3 V and 2 V respectively. If r4 


and rg are the radii of A and B respectively, then TB is 


TA 

1 1 

(a) Fi (b) z 
(c) 1 (d) 2 


A galvanometer of resistance 50 Q is connected to a battery of 3 V along with resistance of 
2950 Q in series. A full scale deflection of 30 divisions is obtained in the galvanometer. In order 
to reduce this deflection to 20 divisions, the above series resistance should be 

(a) 4450 Q (b) 5050 Q 

(c) 5550 Q (d) 6050 Q 


Figure shows a potentiometer arrangement with R4,=10Q and rheostat of variable 
resistance x. For x = 0 null deflection point is found at 20 cm from A. For unknown value of x 
null deflection point was at 30 cm from A, then the value of x is 


(a) 10 0 (b 5Q 
(c) 20 (d 12 
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23. In the given potentiometer arrangement, the null point V r 
(a) can be obtained for any value of V 
(b) can be obtained only if V < Vo 
(c) can be obtained only if V > V, A B 
(d) can never be obtained 


| mw — O 
| © 
24. In the given figure the current through 4 Q resistor is Vo Ro 
209 4Q 
WM WM 
1.4A 
——1| 150 —— 
500 100 
WAAAY 
(a) 1.4A (b) 0.4 A 
© 1.0A (d) 0.7A 


25. Allresistances shown in circuit are 2 Q each. The current in the resistance between D and Eis 
A — m B 


C —AMWWW 2 WW E 
10 vis 
p —NM G WA H 
(a) 5A (b) 2.5 A 
(c) 1A (d) 7.5 A 
26. Inthe circuit shown in figure, the resistance of voltmeter is 6 kQ. The voltmeter reading will be 
10V 
|i 
2kQ 3kQ 
WWW D 
(a) 6V (b) 5V 
(c) 4V (d) 3V 
27. For what ratio of R,, R; and R} power developed across each resistor is equal? 


R2 
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More than One Correct Options 


1: 


Two heaters designed for the same voltage V have different power ratings. When connected 
individually across a source of voltage V, they produce H amount of heat each in time 1, and t; 
respectively. When used together across the same source, they produce H amount of heat in 
time f£ 


(a) If they are in series, t = tj + ty (b) If they are in series, t = 2 (t, + tə) 
(c) If they are in parallel, t = ite (d) If they are in parallel, t = E 
(ti + ty) 2(t, + tə) 


- Two cells of emf E, = 6 Vand E, = 5 V are joined in parallel with same polarity on same side, 


without any external load. If their internal resistances are 7, = 2Q and r, = 3 Q respectively, 
then 

(a) terminal potential difference across any cell is less than 5 V 

(b) terminal potential difference across any cell is 5.6 V 

(c) current through the cells is 0.2 A 

(d) current through the cells is zero if E, = E; 


. Three ammeters A, B and C of resistances R4, Rg and Rọ respectively are joined as shown. 


When some potential difference is applied across the terminals T, and T5, their readings are 
I,,Ip and Iç respectively. Then, 


@—® 
T4 T2 
(a) I, Ig (b) I Ra + IpRp = Ip Ro 
I I 
(c) 4= Tic (d) 2= Ro. 


Three voltmeters all having different resistances, are joined as shown. When some potential 
difference is applied across A and B, their readings are Vj, V, and V4. Then, 


(9 — (9 


D 
ive] 


(a) Vi 2 Vo (b) Vi * Vs 
(c) Vj + Vj 2 Và (d) V; + V» Vi 


- Two conductors made of the same material have lengths L and 2L but have equal resistances. 


The two are connected in series in a circuit in which current is flowing. Which of the following 
1s/are correct? 

(a) The potential difference across the two conductors is the same 

(b) The drift speed is larger in the conductor of length L 

(c) The electric field in the first conductor is twice that in the second 

(d) The electric field in the second conductor is twice that in the first 
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10. 


. In the figure shown, A E r B 
(a) current will flow from A to B 20V 2V 


(b) current may flow A to B 
(c) current may flow from B to A 
(d) the direction of current will depend on E 


. In the potentiometer experiment shown in figure, the null point length is /. Choose the correct 


options given below. 


Eus tJ] 


— NUT 

Hee 
S 

(a) If jockey J is shifted towards right, / will increase 

(b) If value of E, is increased, Lis decreased 


(c) If value of E, is increased, lis increased 
(d) If switch S is closed, / will decrease 


. In the circuit shown in figure, reading of ammeter will 


(a) increase if S, is closed (b) decrease if S, is closed 
(c) increase if S; is closed (d) decrease if S, is closed\ 

. In the circuit shown in figure it is given that V, — V, = 2 volt. Choose 20 10 V 
the correct options. w+ am 
(a) Current in the wire is 6 A 
(b) Direction of current is from a to b 
(c) V, — V, =12 volt 
(d) V,- V, 212 volt 
Each resistance of the network shown in figure is r. Net resistance A 
between 
(a) aand bd 

3 b d 


(b) a and cisr 
(c) band disr 


(d) band dist c 
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Comprehension Based Questions 


Passage (Q. No. 1 and 2) 


The length of a potentiometer wire is 600 cm and it carries a current of 40 mA. For a cell of emf 
2V and internal resistance 10 O, the null point is found to be at 500 cm. On connecting a 
voltmeter across the cell, the balancing length is decreased by 10 cm. 


1. The voltmeter reading will be 


(a) 1.96 V (b) 1.8 V (c) 1.64 V (d) 0.96 V 
2. The resistance of the voltmeter is 
(a) 500 Q (b) 290 Q (c) 490 Q (d) 20 Q 


Match the Columns 


1. For the circuit shown in figure, match the two columns. 


b 
+4V 
20 
a 10 e 
0— MW WWW —oC 
+2V 1o +8V 
20 
+4V bd 
Column I Column II 
(a) current in wire ae (p) 1A 
(b) current is wire be (q) 2A 
(c) current in wire ce (r) 0.56A 
(d) current in wire de (s) None of these 


2. Current i is flowing through a wire of non-uniform cross-section as shown. Match the following 
two columns. 


We 2 
1 
1 
1 


Column I Column II 
(a) Current density (p) is more at 1 
(b) Electric field (q) is more at 2 
(c) Resistance per unit length (r) 1s same at both sections 1 and 2 


(d) Potential difference per unit length | (s) data is insufficient 
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3. In the circuit shown in figure, after closing the switch S, match the following two columns. 


S R3 
Ry Ro 
Column I Column II 
(a) current through R, (p) will increase 
(b) current through R, (q) will decrease 


(c) potential difference across R, | (x) will remain same 


(d) potential difference across R, | (s) data insufficient 
4. Match the following two columns. 


Column I Column II 


(a) Electrical resistance | (p) [MLT ?A?] 
(b) Electric potential (q) [MDT?A77] 
(c) Specific resistance (vr) [MDT?A] 


(d) Specific conductance | (s) None of these 


5. In the circuit shown in figure, match the following two columns : 


Column II 
(In SI units) 


Column I 


(a) potential difference across battery A | (p) zero 
(b) potential difference across battery B | (q) 1 
(c) net power supplied/ consumed by A (r) 2 
(d) net power supplied/ consumed by B (s 3 
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Subjective Questions 
1. Find the equivalent resistance of the triangular bipyramid between the points. 


D 


E 
(a) Aand C (b Dand E 
Assume the resistance of each branch to be R. 


2. Nine wires each of resistance r are connected to make a prism as shown in figure. Find the 
equivalent resistance of the arrangement across 


A E 
D 
B | F 
C 
(a) AD (b) AB 
3. The figure shows part of certain circuit, find : 
1Q 20 40 2A 
C e——W- | ww} | wn B 
5A 
12V 3V 
5Q 60 
4A 


(a) Power dissipated in 5 Q resistance. 
(b) Potential difference Vo — Vp. 
(c) Which battery is being charged? 


4. A 6 V battery of negligible internal resistance is connected across a 6v 

uniform wire AB of length 100 cm. The positive terminal of another | I 

battery of emf 4 V and internal resistance 1 Q is joined to the point A D 

as shown in figure. Take the potential at B to be zero. A B 

(a) What are the potentials at the points A and C? 

(b) At which point D of the wire AB, the potential is equal to the potential C 
at C? f l 

(c) If the points C and D are connected by a wire, what will be the current 4V 12 
through it? 


(d) If the 4V battery is replaced by 7.5 V battery, what would be the answers of parts (a) and (b)? 
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5. Athin uniform wire AB of length 1 m, an unknown resistance X and 

a resistance of 12Q are connected by thick conducting strips, as 

shown in the figure. A battery and a galvanometer (with a sliding 

jockey connected to it) are also available. Connections are to be x 120 

made to measure the unknown resistance X. Using the principle of A IW 

Wheatstone bridge answer the following questions : 

(a) Are there positive and negative terminals on the galvanometer? 

(b) Copy the figure in your answer book and show the battery and the galvanometer (with jockey) 
connected at appropriate points. 

(c) After appropriate connections are made, it is found that no deflection takes place in the 
galvanometer when the sliding jockey touches the wire at a distance of 60 cm from A. Obtain the 
value of the resistance X. 


6. A galvanometer (coil resistance 99 Q) is converted into an ammeter using a shunt of 1 Q and 
connected as shown in figure (a). The ammeter reads 3 A. The same galvanometer is converted 
into a voltmeter by connecting a resistance of 101 in series. This voltmeter is connected as 
shown in figure (b). Its reading is found to be 4/5 of the full scale reading. Find : 


12V r 12V r 
L W- 
20 
5 W- 
W- V 
20 
(a) (b) 


(a) internal resistance r of the cell 
(b) range of the ammeter and voltmeter 
(c) full scale deflection current of the galvanometer. 
7T. Ina circuit shown in figure if the internal resistances of the sources are negligible then at what 


value of resistance R will the thermal power generated in it will be the maximum. What is the 
value of maximum power? 


8. In the circuit shown in figure, find : 
200A R 


Ey 
x 
Zao Q 3.00 Q š 6.00 Q 


3.00 A | | 5.00 A 


(a) the current in the 3.00 Q resistor, (b) the unknown emfs E, and E, and (c) the resistance R. 


9. 


10. 


11. 


12. 


13. 
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In the circuit shown, all the ammeters are ideal. 


20 V 4Q 
| I —(49—MW- 
292 AQ (A) tev 
S 
sv T A ERE 
-WW—(43— i 
10 © Mov 


(a) If the switch S is open, find the reading of all ammeters and the potential difference across the 
switch. 
(b) If the switch S is closed, find the current through all ammeters and the switch also. 


An accumulator of emf 2 V and negligible internal resistance 1s connected across a uniform 
wire of length 10 m and resistance 30 O. The appropriate terminals of a cell of emf 1.5 V and 
internal resistance 1 Q is connected to one end of the wire and the other terminal of the cell is 
connected through a sensitive galvanometer to a slider on the wire. What 1s the length of the 
wire that will be required to produce zero deflection of the galvanometer? How will the 
balancing length change? 

(a) When a coil of resistance 5 Q is placed in series with the accumulator. 

(b) The cell of 1.5 V is shunted with 5 Q resistor? 


A circuit shown in the figure has resistances 20 Q and 30 Q. At what value of resistance R, will 
the thermal power generated in it be practically independent of small variations of that 
resistance? The voltage between points A and B is supposed to be constant in this case. 


200 
A*—NW- 


3008 ŠR, 


In the circuit shown in figure, the emfs of batteries are E, and E, which have internal 
resistances R, and Rs. At what value of the resistance R will the thermal power generated in 
it be the highest? What it is? 


Be 


www 
[3 Ro 


A conductor has a temperature independent resistance R and a total heat capacity C. At the 
moment ¢ = 0 it is connected to a DC voltage V. Find the time dependence of the conductor's 
temperature T assuming the thermal power dissipated into surrounding space to vary as 
q= k(T —T)), where k is a constant, T, is the surrounding temperature (equal to conductor's 
temperature at the initial moment). 


Answers 


Introductory Exercise 23.1 
1. 4375x 101? 2. 38880C 3. (a) 337.5C (b) 23x 10?! 4. 6.6x 10!" rps, 1.06 mA 
5. 300C 6. Yes, from left to right 


Introductory Exercise 23.2 
1. False 


Introductory Exercise 23.3 
1. 60x 10^ m/s 2. 0.735 u m/s, 431.4 yr. 


Introductory Exercise 23.4 
1. 0.18 Q 2. True 3. 15g 4. (c) 


Introductory Exercise 23.5 
1. (d) 2. 85°C 


Introductory Exercise 23.6 
1. 5A, 2.5A 2. 0, 2 V, 5 V, 15 V, 3A from C to B, 7.5 A from D to A. 


3.5V 4, lA 5. Zero, 1A 


2 
Introductory Exercise 23.7 
1.3A,20,-5V 2. 36W,12W 


Introductory Exercise 23.8 


1 y=% Ve Qo onn 


; 2.2V 3. 7.5 V,0.5 Q 
h+ h h+ fo 


Introductory Exercise 23.9 
1. By connecting a resistance of 999 Q in series with galvanometer 
2. By connecting 1 Q resistance in parallel with it 3. (n- 1)G 


Introductory Exercise 23.10 
1.159 2. (a) 320cm (b) SE 
22r 


Introductory Exercise 23.11 
1. (a) 2. (b) 3. B is most accurate 


Introductory Exercise 23.12 
1.14.20 to14.3 Q 2. See the hints — 3. (c) 


Introductory Exercise 23.13 
1. (42 x 10° + 5%) Q 2. Red, Yellow, Blue, Gold 


Exercises 


LEVEL 1 
Assertion and Reason 
1. (d) 2.(ab)  8.(b) 4. (d) 5.(b) 6. (c) 7.(d 8. (c) 9. (d) 10. (a) 
11. (d) 
Objective Questions 
1.(d) 2.(d) 3.(a) 4.(c) 5.(b) 6.(b) 7.(a) 8.(a) 9.(b)  10.(d) 
11.(b) 12.(b 13.(b) 14.(d) 15.(d)  16.(d)  17.(c)  18.c)  19.c)  20.(a) 
21.(d) 22.(c)  23.(b) 24.(d) 25.(d) | 26.(c) 27.(a)  28.(d) 29.(a) 80.(c) 
31.(b) 32.(b 33.(b) 34.(c) 35.(c) 36d) 37.(d) 38.(b) 39.(a) 40.(d) 
41.(b) 
Subjective Questions 
1. Yes 2. False 3. 1.12 mA 4. 82 Q 
5. (a) E A (D 1W,2W (c) 6 W (supplied), 3 W (absorbed) 6. 16 cm from A 
7. (a) zero (b) 5.0V (c) 5.0V 8. (a) Anti-clockwise (b) E; (c) Point B 
9. -10V 10. 1.9x 10^ m/s 11. (a)9.9A (b)5.88V (c)0.60 Q 
12. B 14. 2W 15. 9540, 0.002 /°C 16. 0.569 mm 
Ta 
17. (a) 1.25 V/m (b) 2.84x 10? Q-m 18. (a) 2d x 8d, < (b) 2d x 3a, 9d 
p p 
19. (a) 3.65x 10? Q-m (b) 172.3A (c) 2.58x 10? m/s 
20. R = 18.180,R,=182Q 21. 5A 22. 15A, 2o 23. $9,9A 24. A 


25. V, 212 V, V = 9V, Vo = 38V, Vj =- 6V, Vj 212V, V; 2 11, Wt = 9V, Vj =6V 
26. — 75V,-50V, 125V,175V,-25V,-200V 27. (a) 0.1A,4.0V (b) 0.08A, 4.2 V 


28. Resistance 50 80 62 160 49 19 
Current 4A 0.5A 3.0A 0.5A 1.0A 4A 
Towards A C C C B E 

20 . » 1 
29. = 30. (a) (i) 120 V, 80V (ii) 100 V, 100V (b) o A 
31. (a) 5V (b) 3V (c) positive terminal on left side 32. (a) 0.200 (b) 8.7 V 
2 
33. 2.5 V 34. current in all resistors is zero 35. c 36. 20.160 37. 22.5 V 
+ 

38.48V 39.802 40. 4000,3.2V, 3.238 V 41. (a) = (b) 4.5x 103 Q 

+r 


v 


42. (a) l, lp Pa] (b) 0.00450 43. 54W 44. 0.6 W, 2 W 
[Rer] 
tr 
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45. +14 W,-1 W 


(c) 35.0A (d) 28.0 V for each 


46. (a) 24W (b) 4W (c) 20W 
47. (a) 0.80Q (b) 1.60 Q resistor 17.5 A, 2.40 Q resistor 11.7 A, 4.80 Q resistor 5.8 A 


(e) 1.60 Q resistor 490 W, 2.40 Q resistor 327 W, 4.80 Q resistor 163 W 


48. (a) 273.8V (b) 1.6 W 


49. (a) — Q (b) £ (c) = 


50. The new equivalent resistance will become 0.6 times 


5 4 r 
52. (a) a! (b) 3! (c) r (d) 7 (e) r 


LEVEL 2 
Single Correct Option 
1.(b) 2.(c) 8.(b) 
1L(b 12(b  18.(o) 
21.a) 22.b)  28.(d) 


4.(c) 
14.(d) 
24.(c) 


More than One Correct Options 


1. (a,c) 


2. (b,c,d) 3. (a,b,d) 4. (b,c) 


5.(a) 
15.(d) 
25.(b) 


Comprehension Based Questions 


1.(a)  2.(0 


Match the Columns 


1. (ag (bos (c)— q 
2. (a> p (b) p (c)2 p 
3. (@a)> q  (Dop (c)2 q 
4. (a)5 q (bor (c) s 
5. (a)> s (bor (c) s 


Subjective Questions 
2 2 
1. (a) ri (b) cu 


(d) s 
(d) p 
(d) p 
(d) s 
(d)> r 


Q «) 20 (e) 6.194 Q oZ @) 20 


(f) least resistance 


51. 23.32 Q 


53. (a) r/2 (b) 4r/5 


6.(b) 7.(a) 8.(d) 9.b)  10.(d) 
16.b) 17.) 18(c)  19.(d)  20.(b) 
26.(b 27.(d) 

(a,b,c,d) 8.(a,c) 9. (a,d) 10. (b,d) 


5. (a,b,c) 6. (b,c,d) 7. 


2. @ =r () Žr 


3. (a) 605W (b) 6V (c) both 


4.(a) 6V, 2V (b) AD- 66.7 cm (c) zero (d) 6 V, -1.5 V, no such point D exists. 
6. (a) 1.01 0. (D) 5A,9.95V (c) 0.05A 


5.(a) No (c0) 8Q 
7.20,4.5W 


8. (a) 8A (b) 36 V, 54V 


(c) 9Q 


9. (a) 9.5A,9.5A,2A,5A,5A,2A,12V (b) 12.5A,2.5A,10A,7A,8A,5A,15A 


10. 7.5 m (a) 8.75 m (b) 6.25 m 


13. T = To + q- ee V? 
" kR 


11. 120 


12. R= 


RıR2 


_ (ERa + ER)? 


Ri +R. 


max 


4RR (Rı + R2) 


A 
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24.1 Introduction 


When we comb our hair on a dry day and bring the comb close to tiny pieces of paper, we note that 
they are swiftly attracted by the comb. Similar phenomena occur if we rub a glass rod or an amber rod 
with a cloth or with a piece of fur. Why does this happens? What really happens in an electric circuit? 
How do electric motors and generators work? 

The answers to all these questions come from a branch of physics known as electromagnetism, the 
study of electric and magnetic interactions. These interactions involve particles that have a property 
called electric charge, an inherent property of matter that is as fundamental as mass. 

We begin our study of electromagnetism in this chapter by the electric charge. We will see that it is 
quantized and obeys a conservation principle. Then we will study the interactions of electric charges 
that are at rest, called electrostatic interactions. These interactions are governed by a simple 
relationship known as Coulomb's law. This law is more conveniently described by using the concept 
of electric field. 


24.2 Electric Charge 


The electrical nature of matter is inherent in atomic structure. An atom consists of a small, relatively 
massive nucleus that contains particles called protons and neutrons. A proton has a mass 
1.673 x10 77 kg, while a neutron has a slightly greater mass1.675 x io” kg. Surrounding the nucleus 
is a diffuse cloud of orbiting particles called electrons. An electron has a mass of 9.11 x jg ^! kg. 
Like mass, electric charge is an intrinsic property of protons and electrons, and only two types of 
charge have been discovered positive and negative. A proton has a positive charge, and an electron 
has a negative charge. A neutron has no net electric charge. 


The magnitude of the charge on the proton exactly equals the magnitude of the charge on the electron. 
The proton carries a charge +e and the electron carries a charge —e. The SI unit of charge is coulomb 
(C) and e has the value 


gel6x10- "€ 
Regarding charge the following points are worth noting: 
1. Like charges repel each other and unlike charges attract each other. 


2. Charge is a scalar and can be of two types positive or negative. 


3. Charge is quantized. The quantum of charge is e. The charge on any body will be some integral 
multiple of e i.e. 


q-tne where, n=1,2,3... 
1 
Charge on any body can never be G e) ,1.5e etc. 


Note (i) Apart from charge, energy, angular momentum and mass are also quantized. The quantum of energy is 
hv and that of angular momentum is e Quantum of mass is not known till date. 
T 


(ü) The protons and neutrons are combination of other entities called quarks, which have charges + i eand 


£ £ e. However, isolated quarks have not been observed. So, quantum of charge is still e. 
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4. During any process, the net electric charge of an isolated system remains constant or we can say 
that charge is conserved. Pair production and pair annihilation are two examples of conservation 
of charge. 

5. A charged particle at rest produces electric field. A charged particle in an unaccelerated motion 
produces both electric and magnetic fields but does not radiate energy. But an accelerated charged 
particle not only produces an electric and magnetic fields but also radiates energy in the form of 
electromagnetic waves. 


© Example 24.1 How many electrons are there in one coulomb of negative 
charge? 
Solution The negative charge is due to the presence of excess electrons, since they carry 
negative charge. Because an electron has a charge whose magnitude is e= 1.6x 10 ^ C, the 
number of electrons is equal to the charge q divided by the charge e on each electron. Therefore, 
the number 7 of electrons is 
4 1.0 


e 16x10? 


= 6.25x 10!8 Ans. 


24.3 Conductors and Insulators 


For the purpose of electrostatic theory, all substances can be divided into two main groups, 
conductors and insulators. In conductors, electric charges are free to move from one place to another, 
whereas in insulators they are tightly bound to their respective atoms. In an uncharged body, there are 
equal number of positive and negative charges. 


The examples of conductors of electricity are the metals, human body and the earth and that of 
insulators are glass, hard rubber and plastics. In metals, the free charges are free electrons known as 
conduction electrons. 


Semiconductors are a third class of materials and their electrical properties are somewhere between 
those of insulators and conductors. Silicon and germanium are well known examples of 
semiconductors. 


24.4 Charging of a Body 


Mainly there are the following three methods of charging a body : 
Charging by Rubbing 


The simplest way to experience electric charges is to rub certain bodies against each other. When a 
glass rod is rubbed with a silk cloth, the glass rod acquires some positive charge and the silk cloth 
acquires negative charge by the same amount. The explanation of appearance of electric charge on 
rubbing is simple. All material bodies contain large number of electrons and equal number of protons 
in their normal state. When rubbed against each other, some electrons from one body pass onto the 
other body. The body that donates the electrons becomes positively charged while that which 
receives the electrons becomes negatively charged. For example, when glass rod is rubbed with silk 
cloth, glass rod becomes positively charged because it donates the electrons while the silk cloth 
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becomes negatively charged because it receives electrons. Electricity so obtained by rubbing two 
objects is also known as frictional electricity. The other places where the frictional electricity can be 
observed are when amber is rubbed with wool or a comb is passed through a dry hair. Clouds also 
become charged by friction. 


Charging by Contact 


When a negatively charged ebonite rod is rubbed on a metal object, such as a sphere, some of the 
excess electrons from the rod are transferred to the sphere. Once the electrons are on the metal sphere, 
where they can move readily, they repel one another and spread out over the sphere’s surface. The 
insulated stand prevents them from flowing to the earth. When the rod is removed, the sphere is left 
with a negative charge distributed over its surface. In a similar manner, the sphere will be left with a 
positive charge after being rubbed with a positively charged rod. In this case, electrons from the 
sphere would be transferred to the rod. The process of giving one object a net electric charge by 
placing it in contact with another object that is already charged is known as charging by contact. 


=<» Ebonite rod 


Metal 
sphere 


Insulated 
stand 


Fig. 24.1 


Charging by Induction 


It is also possible to charge a conductor in a way that does not involve contact. 


Sum. ++ — Tm 
SS XR T EM 

T 

al Metal 

3 sphere 

A J- 
+m- 

Insulated 
stand 


(a) (b) (c) 
Fig. 24.2 


In Fig. (a), a negatively charged rod brought close to (but does not touch) a metal sphere. In the 
sphere, the free electrons close to the rod move to the other side (by repulsion). As a result, the part of 
the sphere nearer to the rod becomes positively charged and the part farthest from the rod negatively 
charged. This phenomenon is called induction. Now, if the rod is removed, the free electrons return to 
their original places and the charged regions disappear. Under most conditions the earth is a good 
electric conductor. So, when a metal wire is attached between the sphere and the ground as in figure 
(b) some of the free electrons leave the sphere and distribute themselves on the much larger earth. If 
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the grounding wire is then removed, followed by the ebonite rod, the sphere is left with a net positive 
charge. 


The process of giving one object a net electric charge without touching the object to a second charged 
object is called charging by induction. The process could also be used to give the sphere a net 
negative charge, if a positively charged rod were used. Then, electrons would be drawn up from the 
ground through the grounding wire and onto the sphere. 


If the sphere were made from an insulating material like plastic, instead of metal, the method of 
producing a net charge by induction would not work, because very little charge would flow through 
the insulating material and down the grounding wire. However, the electric force of the charged rod 
would have some effect as shown in figure. The electric force would cause the positive and negative 
charges in the molecules of the insulating material to separate slightly, with the negative charges 
being pushed away from the negative rod. The surface of the plastic sphere does acquire a slight 
induced positive charge, although no net charge is created. 


q— 


Ebonite rod y= 
SS x — Plastic 
+= y 
c d 
Fig. 24.3 


© Example 24.2 If we comb our hair on a dry day and bring the comb near 
small pieces of paper, the comb attracts the pieces, why? 


Solution This is an example of frictional electricity and induction. When we comb our hair, it 
gets positively charged by rubbing. When the comb is brought near the pieces of paper some of 
the electrons accumulate at the edge of the paper piece which is closer to the comb. At the farther 
end of the piece there is deficiency of electrons and hence, positive charge appears there. Such a 
redistribution of charge in a material, due to presence of a nearby charged body is called 
inducion. The comb exerts larger attraction on the negative charges of the paper piece as 
compared to the repulsion on the positive charge. This is because the negative charges are closer 
to the comb. Hence, there is a net attraction between the comb and the paper piece. 


© Example 24.3 Does the attraction between the comb and the piece of papers 
last for longer period of time? 
Solution No, because the comb loses its net charge after some time. The excess charge of the 
comb transfers to earth through our body after some time. 


© Example 24.4 Can two similarly charged bodies attract each other? 


Solution Yes, when the charge on one body (q; ) is much greater than that on the other (q, ) 
and they are close enough to each other so that force of attraction between q, and induced charge 
on the other exceeds the force of repulsion between q, and q,. However, two similar point 
charges can never attract each other because no induction will take place here. 


6 Example 24.5 Does in charging the mass of a body change? 


Solution Yes, as charging a body means addition or removal of electrons and electron has 
a mass. 
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© Example 24.6 Why a third hole in a socket provided for grounding? 


Solution All electric appliances may end with some charge due to faulty connections. In such 
a situation charge will be accumulated on the appliance. When the user touches the appliance, he 
may get a shock. By providing the third hole for grounding all accumulated charge is discharged 
to the ground and the appliance is safe. 


INTRODUCTORY EXERCISE 


1. Is attraction a true test of electrification? 
. Is repulsion a true test of electrification? 
. Why does a phonograph record attract dust particles just after it is cleaned? 


AGO ND 


. Whatis the total charge, in coulombs, of all the electrons in three gram mole of hydrogen atom? 


24.5 Coulomb's Law 


The law that describes how charges interact with one another was discovered by Charles Augustin de 
Coulomb in 1785. With a sensitive torsion balance, Coulomb measured the electric force between 
charged spheres. In Coulomb's experiment, the charged spheres were much smaller than the distance 
between them so that the charges could be treated as point charges. The results of the experiments of 
Coulomb and others are summarized in Coulomb's law. 


The electric force F, exerted by one point charge on another acts along the line between the charges. 
It varies inversely as the square of the distance separating the charges and is proportional to the 
product of charges. The force is repulsive if the charges have the same sign and attractive if the 
charges have opposite signs. 


The magnitude of the electric force exerted by a charge q, on another charge q, a distance r away is 
thus, given by 


k 
F, - Eni Â) 


r 


The value of the proportionality constant k in Coulomb's law depends on the system of units used. In 
SI units the constant k is 


N- 2 
k =8.987551787 x 10? m 
C 
2. 
~ 8.988 x 10? S 


The value of k is known to such a large number of significant digits because this value is closely 
related to the speed of light in vacuum. This speed is defined to be exactly c = 2.99792458 x 105 m/s. 
The numerical value of k is defined in terms of c to be precisely. 


N-52 
ZU a Je 
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This constant k is often written as , where €, (*epsilon-nought") is another constant. This 


TE 9 
appears to complicate matters, but it actually simplifies many formulae that we will encounter in later 
chapters. Thus, Eq. (1) can be written as 


Qe |914 ...(ii) 
ATE 9 r 
1 N-s? 
Here, =|107 a c? 
ATE o ce 
Substituting value of c —2.99792458 x10? m/s, we get 
1 
=8.99 x10? N-m/C? 
41 Ey 


In examples and problems, we will often use the approximate value 
=9.0x 10° N-m?/C? 


ATE 9 
Here, the quantity £ is called the permittivity of free space. It has the value, 


£y 28.854x10 7 C?/N-m? 


Regarding Coulomb 's law, the following points are worth noting: 

1. Coulomb's law stated above describes the interaction of two point charges. When two charges 
exert forces simultaneously on a third charge, the total force acting on that charge is the vector 
sum of the forces that the two charges would exert individually. This important property, called 
the principle of superposition of forces, holds for any number of charges. Thus, 

FQ; =F, +F, +...+F, 

2. The electric force is an action reaction pair, 1.e. the two charges exert equal and opposite forces on 
each other. 

3. The electric force is conservative in nature. 


4. Coulomb’s law as we have stated above can be used for point Fe ———* i d29— — Fs 
charges in vacuum. If some dielectric is present in the space d 
between the charges, the net force acting on each charge is In vacuum 
altered because charges are induced in the molecules of the Fig. 24.4 


intervening medium. We will describe this effect later. Here at 

this moment it is enough to say that the force decreases K times if the medium extends till infinity. 

Here, K is a dimensionless constant which depends on the medium and called dielectric constant 

of the medium. Thus, 

25 ae 
4n£9 p? 


putes l dido ! 4142 
£ K 4TE K r? ATE r? 


A (in vacuum) 


(in medium) 


Here, € =€ K is called permittivity of the medium. 
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© Extra Points to Remember 
e |n few problems of electrostatics Lami's theorem is very useful. F2 
According to this theorem, "if three concurrent forces A, F, and F} as shown in Y 
Fig. 24.5 are in equilibrium or if F, + F, + F} = 0, then 
R oh h li 
sina sinB siny 


F 


e Suppose the position vectors of two chargesq, andq, arer andr,, then electric force 


E 
on charge q, due to charge q, is, à 


Fig. 24.5 


p= 1 9885 sit r) 
Ane |n =r 
Similarly, electric force ong, due to charge q4 is 
1 
€ . Q3» : IP 
Ane, |t, - rj 


2 


Here, g, and q, are to be substituted with sign. r, = xi + yj de zk and r, = xji + yo + Zk where 
(Xp yz) and (X5, Yo, z;) are the coordinates of charges g, and q;. 


© Example 24.7 What is the smallest electric force between two charges placed 
at a distance of 1.0 m? 


1 14 


Solution F,= TAF d) 
For F, to be minimum qq, should be minimum. We know that 
nda = (d2 )min =€=1.6x 107" C 
Substituting in Eq. (i), we have 
(F) = (9.0x 10? ) (1.6x 107? ) (1.6x 10? ) 
dn (1.0)? 
= 2,304 x 10°78 N Ais: 


© Example 24.8 Three charges q; = 14C, q, =- 2 uC and q; =3 uC are placed 
on the vertices of an equilateral triangle of side 1.0 m. Find the net electric force 
acting on charge q}. 
ds 


Q1 q2 
Fig. 24.6 


HOW TO PROCEED Charge q, will attract charge q; (along the line joining them) 
and charge q, will repel charge q,. Therefore, two forces will act on q}, one due 
to q, and another due to q. Since, the force is a vector quantity both of these 
forces (say F; and F, ) will be added by vector method. The following are two 
methods of their addition. 
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Solution Method 1. In the figure, 


| 414 


BF, |=F, = 
Rue r 


= magnitude of force between q, and q, 
_ (9.0x 10? ) (1.0x 1075) (2.0x 10° ) 


(1.0? 
=1.8x10° N 
Similarly, |E,|- F, - —L. 228 
Ane, 7? 
= magnitude of force between q; and q3 
| (9.0x 10? ) (1.0x 105) (30x 10% ) 
(1.0? 
22x10? N 
Now, [Fro [= yF? + F2 + 2F, F, cos 120° 
= [fos + (2.7? + 2 (1.8) (2.7) (- D) x 107 N 
=2.38x 107 N 
and — F, sin 120 


F, + F, cos 120° 
(2.7 x 10? ) (0.87) 


(1.8x 107) + (2.7x 10)(- 5) 


or a= 79.2? 
Thus, the net force on charge q, is 2.38 x 10? Nat an angle a = 79.2? with a line joining q, and 
qə as shown in the figure. Ans. 


Method 2. In this method let us assume a coordinate axes with q, at origin as shown in figure. 


The coordinates of q; , q, and q, in this coordinate system are (0, 0, 0), ( 1 m, 0, 0) and (0.5 m, 
0.87 m, 0) respectively. Now, 


y^ q3 


Fig. 24.8 
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F, = force on q, due to charge q, 


| AQ 


(rj = r3) 
4n€y |r, =r? 


| (90x10? ) (1.0x 10.5) (-2.0x 10% ) 
(1.0? 
= (18x10? i)N 


[(0—1) i + (0—0) j+ (0— 0)É ] 


and F, = force on q, due to charge q, 
l — 4135 
Amey |r, — r3] 
_ (9.0x 10) (1.0x 105) (3.0x 10 5) 
7 (1.0)3 
2(-1351-2349]) X 10° N 


3 (ri - r3) 


[(0— 0.5) i + (0— 0.87) j + (0-0) K] 


Therefore, net force on q; is F—- F, +F, 
= (0.451 — 2.349 j)x 107 N Ans. 


Note Once you write a vector in terms of i, jand k, there is no need of writing the magnitude and direction 
of vector separately. 


© Example 24.9 Two identical balls each having a density p are suspended from 
a common point by two insulating strings of equal length. Both the balls have 
equal mass and charge. In equilibrium each string makes an angle 0 with 
vertical. Now, both the balls are immersed in a liquid. As a result the angle 0 
does not change. The density of the liquid is o. Find the dielectric constant of 
the liquid. 
Solution Each ball is in equilibrium under the following three forces : 
(i) tension, (ii) electric force and (iii) weight 


So, Lami's theorem can be applied. 


0 0 

oT d OAT 

fes [UU ə de 

W W 
In vacuum In liquid 

Fig. 24.9 
pad , F, 
In the liquid, F, = ie 


where, K = dielectric constant of liquid and W’ =W — upthrust 
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Applying Lami's theorem in vacuum 


W _ F, 
sin (90? +0) sin (180° — 0) 
W E. 
or =- 
cosð® sinð 
L F d 
Similarly in liquid, LAE — ... (I1) 
cos0 sin 
Dividing Eq. (1) by Eq. (ii), we get 
W F, 
W* F’ 
or z —— as ur =K 
W — upthrust F! 
"ER (V = volume of ball) 
Vpg —Vog 
or K= P Ans. 
p-o 
Note In the liquid F, and W have changed. Therefore, T will also change. 


INTRODUCTORY EXERCISE 


1. 


The mass of an electron is 9.11 x 10? kg, that of a proton is 1.67 x 10?" kg. Find the ratio F, /F, 
of the electric force and the gravitational force exerted by the proton on the electron. 


2. Find the dimensions and units of £j. 


3. Three point charges q are placed at three vertices of an equilateral triangle of side a. Find 


= 


magnitude of electric force on any charge due to the other two. 
Three point charges each of value + q are placed on three vertices of a square of side a metre. 


What is the magnitude of the force on a point charge of value -q coulomb placed at the centre of 
the square? 


Coulomb's law states that the electric force becomes weaker with increasing distance. Suppose 
that instead, the electric force between two charged particles were independent of distance. In 
this case, would a neutral insulator still be attracted towards the comb. 


A metal sphere is suspended from a nylon thread. Initially, the metal sphere is uncharged. 
When a positively charged glass rod is brought close to the metal sphere, the sphere is drawn 
towards the rod. But if the sphere touches the rod, it suddenly flies away from the rod. Explain, 
why the sphere is first attracted then repelled? 


Is there any lower limitto the electric force between two particles placed at a certain distance? 
Does the force on a charge due to another charge depend on the charges present nearby? 
The electric force on a charge q4 due to q, is (4i = 3j N. What is the force on q, due to q4? 
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24.6 Electric Field 


A charged particle cannot directly interact with another particle kept at a distance. A charge produces 
something called an electric field in the space around it and this electric field exerts a force on any 
other charge (except the source charge itself) placed in it. 


Thus, the region surrounding a charge or distribution of charge in which its electrical effects can be 
observed is called the electric field ofthe charge or distribution of charge. Electric field at a point can 
be defined in terms of either a vector function E called *electric field strength? or a scalar function V 
called ‘electric potential’. The electric field can also be visualised graphically in terms of ‘lines of 
force’. Note that all these are functions of position r (x, y, z). The field propagates through space 
with the speed of light, c. Thus, if a charge is suddenly moved, the force it exerts on another charge a 
distance r away does not change until a time r /c later. In our forgoing discussion, we will see that 
electric field strength E and electric potential V are interrelated. It is similar to a case where the 
acceleration, velocity and displacement of a particle are related to each other. 


Electric Field Strength (E) 


Like its gravitational counterpart, the electric field strength (often called electric field) at a point in an 
electric field is defined as the electrostatic force F, per unit positive charge. Thus, if the electrostatic 
force experienced by a small test charge qo is F,, then field strength at that point is defined as 


SS 

E= lim — 

49? 0 qo 
The electric field is a vector quantity and its direction is the same as the direction of the force F, ona 
positive test charge. The SI unit of electric field is N/C. Here, it should be noted that the test charge qo 
should be infinitesimally small so that it does not disturb other charges which produces E. With the 
concept of electric field, our description of electric interactions has two parts. First, a given charge 
distribution acts as a source of electric field. Second, the electric field exerts a force on any charge 

that is present in this field. 


An Electric Field Leads to a Force 


Suppose there 1s an electric field strength E at some point in an electric field, then the electrostatic 
force acting on a charge +q is gE in the direction of E, while on the charge — q it is gE in the opposite 
direction of E. 


© Example 24.10 An electric field of 10° N/C points due west at a certain spot. 
What are the magnitude and direction of the force that acts on a charge of 
+2uC and — 5 uC at this spot? 


Solution Force on + 2uC= gE = (2x10 $ ) (10?) 
=0.2N (due west) Ans. 
Force on — 5uC= (5x10 5 ) (10°) 
=0.5N (due east) Ans. 
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Electric Field Due to a Point Charge 


The electric field produced by a point charge q can be obtained in general terms from Coulomb's law. 
First note that the magnitude of the force exerted by the charge q on a test charge qọ is 


q +) . >E 
l E 
Fig. 24.10 
2l 449 
^ ATE r? 


then divide this value by qọ to obtain the magnitude of the field. 
l q 


Ane) r? 


If q is positive, E is directed away from q. On the other hand, if q is negative, then E is directed 
towards q. 
The electric field at a point is a vector quantity. Suppose E, is the field at a point due to a charge q; 
and E, in the field at the same point due to a charge g,. The resultant field when both the charges are 
present is 


If the given charge distribution is continuous, we can use the technique of integration to find the 
resultant electric field at a point. 


© Example 24.11 Two positive point charges q; = 16 uC and q, =4 uC, are 
separated in vacuum by a distance of 3.0 m. Find the point on the line between 
the charges where the net electric field is zero. 
Solution Between the charges the two field contributions have opposite directions, and the net 
electric field is zero at a point (say P) where the magnitudes of E, and E, are equal. However, 
since q, < qı, point P must be closer to q,, in order that the field of the smaller charge can 
balance the field of the larger charge. 


0 E E , 
«g———:———9* 


n1 T2 

Fig. 24.11 
AtP,E, =E, 
T 1a — 11 Q 


ANE) 7? 4m£9 5g 
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A= jf - i-o (i) 
n 42 4 


Also, ntr-30m .. (ii) 
Solving these equations, we get 
n-2m and r-l1m 


Thus, the point P is at a distance of 2 m from q; and 1 m from q3. Ans. 


Electric Field of a Ring of Charge 


A conducting ring of radius R has a total charge q uniformly distributed over its circumference. We 
are interested in finding the electric field at point P that lies on the axis ofthe ring at a distance x from 
its centre. 


Fig. 24.12 


We divide the ring into infinitesimal segments of length d/. Each segment has a charge dq and acts as 
a point charge source of electric field. 


Let dE be the electric field from one such segment; the net electric field at P is then the sum of all 
contributions dE from all the segments that make up the ring. If we consider two ring segments at 
the top and bottom ofthe ring, we see that the contributions dE to the field at P from these segments 
have the same x-component but opposite y-components. Hence, the total y-component of field due 
to this pair of segments is zero. When we add up the contributions from all such pairs of segments, 
the total field E will have only a component along the ring's symmetry axis (the x-axis) with no 
component perpendicular to that axis (i.e. no y or z-component). So, the field at P is described 
completely by its x-component F,. 


Calculation of £, 


q 
dq =| —— |: dl 
1 E3 


dci. 4 
Amey r? 
1 X 
dE, = dE cos0 =| | A a | Ea a 
l AN Ey JAx^ +R Jx? +R? 
1 (dq) x 


E AT £o (x2 pg 
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x 
E e| dE, dq 
| 2 ae yl 
1 qx 
or E, = 
x E +R?) 


From the above expression, we can see that 
(i) E, =0 at x =0, i.e. field is zero at the centre of the ring. We should expect this, charges on 
opposite sides ofthe ring would push in opposite directions on a test charge at the centre, and the 
forces would add to zero. 
AE 
ANE) x? 


(i) E, = for x >> R, i.e. when the point P is much farther from the ring, its field is the 


same as that of a point charge. To an observer far from the ring, the ring would appear like a 
point, and the electric field reflects this. 


dE 
(iii) E, will be maximum where F^ =0. Differentiating E, w.r.t. x and putting it equal to zero we 
x 


R 2| 1 4 
get x = — and E max comes out to be, al . z) 
42 3 ne, R? 


E, 


Emax |^ T 


R 
J2 
Fig. 24.13 
Electric Field of a Line Charge 


Positive charge q is distributed uniformly along a line with length 2a, lying along the y-axis between 
y-—-a and y=+a. We are here interested in finding the electric field at point P on the x-axis. 


Y 


r= X2+ y? 


Fay É 


y 


>X 


Fig. 24.14 
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À = charge per unit length = 2; 
a 


dq — X dy=— dy 
2a 
Loi dq | q dy 
ATE 9 r? ANE 6 2a (x^ +y’) 


d 
dE, = dE cos0 = M P m 
AME 2a(x^- y^) 


d 
dE, =- dE sin@ 2 - ——. — 2359 > 
4n£o 2a(x^4 y^) 


T 1 P dy 24. 1 
* Amey 24-2 GF ey? Amey yahe? pa? 


1] 4f ydy č 
and E,- ` E 243/2 =0 
ATE , 2a (x +y ) 


Thus, electric field is along x-axis only and which has a magnitude, 


due HH. ...(i) 


x 
ANE ox x? +a? 
From the above expression, we can see that 


A i.e. if point P is very far from the line charge, the field at P is the same 


i) ifx >> a, E, = ; 
© * ATE x? 


as that of a point charge. 


(ii) if we make the line of charge longer and longer, adding charge in proportion to the total length so 
that À, the charge per unit length remains constant. In this case, Eq. (i) can be written as 


1 | q 1 
E,= ; 
2n€y \2a xyx7/a? +1 


À 
Ine) xdx^/a? +1 
À 
Now, x7/a*— 0asa »» x, E, = 
^ — 2TE 9x 


Thus, the magnitude of electric field depends only on the distance of point P from the line of 
charge, so we can say that at any point P at a perpendicular distance r from the line in any 
direction, the field has magnitude 


| À 
2n£gr 


(due to infinite line of charge) 
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1 
or Ea 
p 
Thus, E-r graph is as shown in Fig. 24.15. 
E 
1 
Ee 
> 
Fig. 24.15 


The direction of Eis radially outward from the line. 


Note Suppose a charge q is placed at a point whose position vector is r, and we want to find the electric field 


at a point P whose position vector is tp. Then, in vector form the electric field is given by 
1 


= . fp -r,) 
z- 
ANE [rp -rl 
Here, [p =Xpi + yp J+ Zpk 
and r =X 1+ Yel + Zk 


In this equation, q is to be substituted with sign. 


© Example 24.12 A charge q=1wuC is placed at point (1 m, 2 m, 4 m). Find the 
electric field at point P (0, — 4 m, 8 m). 


Solution Here, r, =i+2j+4k 
and rp =—4j+ 3k 
rp -r,--i-6j- É 
or rp -r,|= JC1? + C6) + C1? = 438m 
1 
Now, . q z (rp E) 
ATE» [rp —r,] 


Substituting the values, we have 
p- 9.0% 10?) (1.0x 105) 
(38? 
= (-38.421 — 230.52 j— 38.42 K)N/C Ans. 


Ci - 6j- k) 


Electric Field Lines 


As we have seen, electric charges create an electric field in the space surrounding them. It is useful to 
have a kind of “map” that gives the direction and indicates the strength of the field at various places. 
Field lines, a concept introduced by Michael Faraday, provide us with an easy way to visualize the 
electric field. 
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“An electric field line is an imaginary line or curve drawn through a region of space so that its tangent 
at any point is in the direction of the electric field vector at that point. The relative closeness of the 
lines at some place give an idea about the intensity of electric field at that point.” 


Pe tn 
|Ea| > |Es| 


Fig. 24.16 


The electric field lines have the following properties : 

1. The tangent to a line at any point gives the direction of E at that point. This is also the path on 
which a positive test charge will tend to move if free to do so. 

2. Electric field lines always begin on a positive charge and end on a negative charge and do not start 
or stop in mid-space. 

3. The number of lines leaving a positive charge or entering a negative charge is proportional to the 
magnitude of the charge. This means, for example that if 100 lines are drawn leaving a - 4uC 
charge then 75 lines would have to end on a —3 uC charge. 

4. Two lines can never intersect. If it happens then two tangents can be drawn at their point of 
intersection, i.e. intensity at that point will have two directions which is absurd. 

5. Ina uniform field, the field lines are straight parallel and uniformly spaced. 


Nv Ne NBA 
N IN RY 
(a) (b) (c) 


(d) (e) (f) 
Fig. 24.17 


6. The electric field lines can never form closed loops as a line can never start and end on the 
same charge. 
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7. Electric field lines also give us an indication of the equipotential surface (surface which has the 
same potential) 


8. Electric field lines always flow from higher potential to lower potential. 


9. Inaregion where there is no electric field, lines are absent. This is why inside a conductor (where 
electric field is zero) there, cannot be any electric field line. 


10. Electric lines of force ends or starts normally from the surface of a conductor. 


INTRODUCTORY EXERCISE 


1. The electric field of a point charge is uniform. Is it true or false? 
2. Electric field lines are shown in Fig. 24.18. State whether the electric potential is greater at A or B. 
ee 
A _ MB 
——— 
eee 
Fig. 24.18 


3. Acharged particle always move in the direction of electric field. Is this statement true or false? 


A 


The trajectory of a charged particle is the same as a field line. Is this statement true or false? 
5. Figure shows some of the electric field lines due to three point charges q4, q> and q3 of equal 
magnitude. What are the signs of each of the three charges? 


NK 


——— e ——À——— e ————— eo —— 


M uuu AN 


Fig. 24.19 


6. Four particles each having a charge q, are placed on the four vertices of a regular pentagon. 
The distance of each corner from the centre is a. Find the electric field at the centre of the 
pentagon. 


7. A charge q =—2.0uC is placed at origin. Find the electric field at (3 m, 4 m, 0). 


24.7 Electric Potential Energy 


The electric force between two charges is directed along the line of the charges and depends on the 
inverse square of their separation, the same as the gravitational force between two masses. Like the 
gravitational force, the electric force is conservative, so there is a potential energy function U 
associated with it. 


When a charged particle moves in an electric field, the field exerts a force that can do work on the 
particle. This work can always be expressed in terms of electric potential energy. Just as gravitational 
potential energy depends on the height of a mass above the earth's surface, electric potential energy 
depends on the position of the charged particle in the electric field, when a force F acts on a particle 


that moves from point a to point b, the work WW, , , done by the force is given by 
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a 


Wib -[ras-[ F cos 0 ds 


where, ds is an infinitesimal displacement along the particle's path and9 is the angle between F and ds 
at each point along the path. 


Second, if the force F is conservative, the work done by F can always be expressed in terms of a 
potential energy U. When the particle moves from a point where the potential energy isU,, to a point 


where it isU, , the change in potential energy is, AU =U, —U, . This is related by the work W, |, , as 
Wip =Ua e Uy =- (U, -U,)=- AU -Ù 
Here, W, ,, is the work done in displacing the particle from a to b by the conservative force (here 


electrostatic) not by us. Moreover we can see from Eq. (i) that if W, , , is positive, AU is negative 
and the potential energy decreases. So, whenever the work done by a conservative force is 
positive, the potential energy of the system decreases and vice-versa. That's what happens when a 
particle is thrown upwards, the work done by gravity is negative, and the potential energy increases. 


© Example 24.13 A uniform electric field Ey is directed along positive 
y-direction. Find the change in electric potential energy of a positive test charge 
qo when it is displaced in this field from y; =a to y, =2a along the y-axis. 


Solution Electrostatic force on the test charge, Eo 
F, = qgEg (along positive y-direction) doen 
5 Wp =- AU is 
or AU =- Wif —-[goEo Qa - a)] 
=— qyEga Ans. 
Fig. 24.20 


Note Here, work done by electrostatic force is positive. Hence, the potential energy is 
decreasing. 


Electric Potential Energy of Two Charges 


The idea of electric potential energy is not restricted to the special case of a uniform electric field as in 
example 24.13. Let us now calculate the work done on a test charge qọ moving in a non-uniform 
electric field caused by a single, stationary point charge q. 


a b 

q r qo 

K 4 

la 
I< E 4 
Fig. 24.21 
The Coulomb's force on q, at a distance r from a fixed charge q is 
me du 
Amey p? 


Ifthe two charges have same signs, the force is repulsive and if the two charges have opposite signs, 
the force is attractive. The force is not constant during the displacement, so we have to integrate to 
calculate the work W,_,, done on q by this force as gy moves from a to b. 
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7h » 1 1 1 
Way = [°F a= f” „Ido 2, 190 
Ta ta ATE) r? 4n£o |r, % 


Being a conservative force this work is path independent. From the definition of potential energy, 


UNDIS NS S 
b a a-b ANE p " p 


a 


We choose the potential energy of the two charge system to be zero when they have infinite 
separation. This means U „ =0. The potential energy when the separation is r is U, 


U, y, = de f -) 
4R£g Vr œ 


— 990 1 


or = 
" 4mgg r 


This is the expression for electric potential energy of two point charges kept at a separation r. In this 
expression both the charges q and q, are to be substituted with sign. The potential energy is positive if 
the charges q and q, have the same sign and negative if they have opposite signs. Note that the above 
equation is derived by assuming that one of the charges is fixed and the other is displaced. However, 
the potential energy depends essentially on the separation between the charges and is independent of 
the spatial location of the charged particles. We emphasize that the potential energy U given by the 
above equation is a shared property of two charges q and qo, it is a consequence of the interaction 
between these two charges. If the distance between the two charges is changed from r, to r,, the 
change in the potential energy is the same whether q is held fixed and q, is moved or q, is held fixed 
and q is moved. For this reason we will never use the phrase ‘the electric potential energy of a point 
charge'. 


Electric Potential Energy of a System of Charges 
The electric potential energy of a system of charges is given by 
1 qil j 


Se gay de 


This sum extends over all pairs of charges. We don’t let i= j, because that would be an interaction ofa 
charge with itself, and we include only terms with i< j to make sure that we count each pair 
only once. 


Thus, to account for the interaction between q; and q4, we include a term with i= 4 9 qo 


and j —5 but not a term with 7=5 and j= 4. D qs 
For example, electric potential energy of four point charges q,, q5, q4 and q4 would a à 
be given by ^q4 
1 . Fig. 24.22 
_ E , dada , dadi , dada. , 30i +f Ai) 
4n£g| 73s T42 V ey) Bi Py 


Here, all the charges are to be substituted with sign. 


Note Total number of pairs formed by n point charges are 


n(n-1) 
ur E 
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© Example 24.14 Four charges q, = 14C, q; =2 uC, q4 =-3 uC and q, =4uC 
are kept on the vertices of a square of side 1m. Find the electric potential energy 
of this system of charges. 


q4 q3 
1m 
; 1m : 
9 .— — 9 
qı q2 
Fig. 24.23 


Solution In this problem, 


1) =i =h =h =1m 


and m =B, 240Y + (10? 242m 


Substituting the proper values with sign in Eq. (11), we get 
es) 190) LCD. C90). CD. m 
1 


= 9 -6 -6 
U = (9.0x10?)005)(10 | B 7B 


=(9.0x 10° -12+ Al 


=—7.62x107J Ans. 


Note Here, negative sign of U implies that positive work has been done by electrostatic forces in assembling 
these charges at respective distances from infinity. 


© Example 24.15 Two point charges are located on the x-axis, gq, =—1 uC at 
x=Oand q =+1uCatx=1m. 
(a) Find the work that must be done by an external force to bring a third point 
charge q4 = + 1 uC from infinity to x = 2 m. 
(b) Find the total potential energy of the system of three charges. 
Solution (a) The work that must be done on q, by an external force is equal to the difference 
of potential energy U when the charge is at x = 2mand the potential energy when it is at infinity. 


W =U, -U, 
Lo ho] daHm g Bn , N4 1 ee 4 4390) , 924 
ATE) 055); Udy €); |. 4n£9| 035); a) 021; 
Here, (51); 2 03); 
and (5); 2 051); =% 


1 913492 4 930 
Amey | (2), (i) ¢ 


Chapter 24 Electrostatics © 131 


Substituting the values, we have 


W =(9.0x 10°) 10? je Q) , (D "i 
(1.0) — (2.0) 


=45x10° J Ans. 


(b) The total potential energy of the three charges is given by, 


1 [eese E53 
ANE V A2 73 Dj 


-(9.0x 10? | Q0 4 OCD) 4 (1) Pu 1072) 
(1.0) (2.0) (1.0) 


2—45x10? J Ans. 


© Example 24.16 Two point charges q, = q, 2-2 uC are fixed at x, 2 - 3 mand 
X =— 3 mas shown in figure. A third particle of mass 1 g and charge 


q - —A uC are released from rest at y= 4.0 m. Find the speed of the particle as 


it reaches the origin. 
y 
t 
q3 D y- 4m 
q2 | qı 
" O 2 >X 


X2 = -3M X,=3m 


Fig. 24.24 


HOW TO PROCEED Here, the charge q, is attracted towards q, and q both. So, the 
net force on q is towards origin. 


y 
t 
/ 
ra Fret * 
q2 Md 
» D 3 >X 
Fig. 24.25 


By this force, charge is accelerated towards origin, but this acceleration is not 
constant. So, to obtain the speed of particle at origin by kinematics we will have to 
first find the acceleration at some intermediate position and then will have to 
integrate it with proper limits. On the other hand, it is easy to use energy 
conservation principle, as the only forces are conservative. 
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Solution Let v be the speed of particle at origin. From conservation of mechanical energy, 


" 1 |a Ba, bh |+0- L | aa dsdi , doi | 1,2 
AME (55); (i) O3 4n£o|(55)y Gide Cardo 2 

Here, (751 ); = 05 dp 

Substituting the proper values, we have 


(9.0 10° E 400, nd x 107? = (9.0x 10? m » E wage 
(5.0) (5.0) (3.0) (3.0) 


ti x103 xv? 
3 
exie*(- Se eie Jenae x" 
5 8). 2 
, 2v es eee 4 
9x10?)(16)| 512 2x10? xv 
( X (2) 7 


y— 6.2 m/s Ans. 


INTRODUCTORY EXERCISE 


1. A point charge q4 = 1.0 uC is held fixed at origin. A second point charge q> =—2.0uC and a 
mass 10^ kgis placed on the x-axis, 1.0 m from the origin. The second point charge is released 
from rest. What is its speed when it is 0.5 m from the origin? 

2. A point charge q4 = — 1.0 uC is held stationary at the origin. A second point charge q, = + 2.0 uC 
moves from the point (1.0m, 0,0) to (2.0m, 0, 0). How much work is done by the electric force 
ond»? 

3. A point charge q4 is held stationary at the origin. A second charge q, is placed at a point a, and 
the electric potential energy of the pair of charges is -6.4 x 10? J. When the second charge is 
moved to point b, the electric force on the charge does 4.2 x 10^? Jof work. What is the electric 
potential energy of the pair of charges when the second charge is at point b? 


4. Is it possible to have an arrangement of two point charges separated by finite distances such 
that the electric potential energy of the arrangement is the same as if the two charges were 
infinitely far apart? What if there are three charges? 


24.8 Electric Potential 


As we have discussed in Article 24.6 that an electric field at any point can be defined in two different 
ways: 
(i) by the field strength E, and 
(ii) by the electric potential V at the point under consideration. 
Both Eand V are functions of position and there is a fixed relationship between these two. Of these, 
the field strength Eis a vector quantity while the electric potential Vis a scalar quantity. In this article, 
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we will discuss about the electric potential and in the next, the relationship between E and /. 
“Potential is the potential energy per unit charge." Electric potential at any point in an electric field is 
defined as the potential energy per unit charge, same as the field strength is defined as the force per 
unit charge. Thus, 


V=— or UczqyV 
do 
The SI unit of potential is volt (V) which is equal to joule per coulomb. So, 
1V=1J/C 


The work done by the electrostatic force in displacing a test charge qo froma to b in an electric field is 
defined as the negative of change in potential energy between them, or 


AU =- W,» 
U, =U, =- W» 
U, U W,- 
We divide this equation by qo —— Bi d 
do do qo 
Wa-b 
or Fs -V, = 
90 
U 
as V= 
do 


Thus, the work done per unit charge by the electric force when a charged body moves from a to b is 
equal to the potential at a minus the potential at b. We sometimes abbreviate this difference as 
Vu TV, - Vs. 
Another way to interpret the potential difference V,, is that the potential at a minus potential at b, 
equals the work that must be done to move a unit positive charge slowly from b to a against the 
electric force. 


W, -a Jeena force 
Er 
do 


Absolute Potential at Some Point 


Suppose we take the point b at infinity and as a reference point assign the value V, =0, the above 
equations can be written as 


E W, — p) electric force = (W, — al external force 


a b 
do do 


E Qv, — 2i electric force m Ma — aJ exietnal force 
a = = 
do do 


or 


Thus, the absolute electric potential at point a in an electric field can be defined as the work done in 
displacing a unit positive test charge from infinity to a by the external force or the work done per unit 
positive charge in displacing it from a to infinity. 
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Note The following three formulae are very useful in the problems related to work done in electric field. 
(Wa - 5) electric force = do (Va — Vo) 
(Wa .. b external force = Fo (Vb = Va) = — (Wo - b) electric force 
(Ws — a)external force = doVa 
Here, qo, V, and V, are to be substituted with sign. 


6 Example 24.17 The electric potential at point A is 20 V and at B is — 40 V. 
Find the work done by an external force and electrostatic force in moving an 
electron slowly from B to A. 


Solution Here, the test charge is an electron, i.e. 
qa =- 1.6x 10" C 
V, =20V 

and Vg =- 40V 

Work done by external force 


(V5 = A etaim force — 70 (V, m Vz) 
= (-1.6x107 P?) [(20) — (- 40)] 


--9,6x10- 5 J 
Work done by electric force 
(We - 4) electric force =— UP n 4) external force 
=- (-9.6x107 J) 
=9.6x10!8 J 


Note Here, we can see that the electron (a negative charge) moves from B (lower potential) to A (higher 
potential) and the work done by electric force is positive. Therefore, we may conclude that whenever 
negative charge moves from a lower potential to higher potential work done by the electric force is 


Ans. 


Ans. 


a 


positive or when a positive charge moves from lower potential to higher potential the work done by the 


electric force is negative. 


© Example 24.18 Find the work done by some external force in moving a charge 


q=2 uC from infinity to a point where electric potential is 10* V. 


Solution Using the relation, 
(Wozu ) external force — 7 Va 
We have, Qr, —a Jexternal force — (2 x 10% ) a0 ) 


22x10? J 


Electric Potential Due to a Point Charge g 

l| 44o 
U 4m) r 
do do 


From the definition of potential, yz 


Ans. 
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1 
or d 
r 


ATE 9 
Here, r is the distance from the point charge q to the point at which the potential is evaluated. 


If q is positive, the potential that it produces is positive at all points; if q is negative, it produces a 
potential that is negative everywhere. In either case, V is equal to zero at r = co 


Electric Potential Due to a System of Charges 
Just as the electric field due to a collection of point charges is the vector sum ofthe fields produced by 
each charge, the electric potential due to a collection of point charges is the scalar sum of the 
potentials due to each charge. 

u 1 di 
Ame o n 


r 


In this expression, r; is the distance from the i B charge, q;, to the point at which V is evaluated. Fora 
continuous distribution of charge along a line, over a surface or through a volume, we divide the 
charge into elements dq and the sum in the above equation becomes an integral, 


o 1l | dq 
ATE” r 
Note In the equation V = X di — | a , if the whole charge is at equal distance r) from the 
Ane T fj Ane? r 
point where V is to be evaluated, then we can write, 
= Inet 
ATE) [p 


where, qnet is the algebraic sum of all the charges of which the system is made. 


Here there are few examples : 


Example (i) Four charges are placed on the vertices of a square as shown +4 „C -24C 
in figure. The electric potential at centre of the square is zero as all the charges ^N í 
are at same distance from the centre and 


dne =4UC -2uC +2uC-—4uC=0 


—4 uC +2 uC 
Fig. 24.26 


Example (ii) A charge q is uniformly distributed over the circumference of a ring in Fig. (a) and 
is non-uniformly distributed in Fig. (b). 


Fig. 24.27 
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The electric potential at the centre of the ring in both the cases is 


1 : f 
y- x (where, R — radius of ring) 
4n£y R 


and at a distance r from the centre of ring on its axis would be 


1 q 
= m "nee Fig. 24.28 


© Example 24.19 Three point charges q, 2 14C, q, 2 —24C and q4 =3uC are 
placed at (1 m, 0, 0), (0, 2 m, 0) and (0, 0, 3 m) respectively. Find the electric 
potential at origin. 


Solution The net electric potential at origin is 
ya lomo da 45 
4men| A h n 


V = (9.0x 10? \(Z- Ze) x10% 
i0 20 3.0 


Substituting the values, we have 


290x10) V Ans. 


© Example 24.20 A charge q — 10 uC is distributed uniformly over the 
circumference of a ring of radius 3 m placed on x-y plane with its centre at 
origin. Find the electric potential at a point P (0, 0, 4 m). 


Solution The electric potential at point P would be 


>X 
Fig. 24.29 
ee 
ANE 4 H 
Here, 1 = distance of point P from the circumference of ring 
-4GY «(4 25m 
and q=10uC=10° C 
Substituting the values, we have 
9 -5 
s LUKN 0T ) - 18x10! V Ans. 


(5.0) 
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Variation of Electric Potential on the Axis of a Charged Ring 
We have discussed earlier that the electric potential at the centre of a charged ring (whether charged 


1 
uniformly or non-uniformly) is 4 


. E and at a distance r from the centre on the axis of the ring is 
TE 9 


1 q 


ANE 0 e +r? 


and decreases as we move away from the centre on the axis. Thus, potential varies with distance r as 


shown in figure. 
JN 
Vo 
r 
r=0 


Fig. 24.30 
l q 


ne 
Te, R 


.From these expressions, we can see that electric potential is maximum at the centre 


In the figure, 


Electric Potential on the Axis of a Uniformly Charged Disc 


Let us find the electric potential at any point P, a distance x on the axis ofa uniformly charged circular 
disc, having surface charge density o. Let us divide the disc into a large number of thin circular strips 
and consider a strip of radius r and width dr. Each point of this strip can be assumed to be at equal 


distance re x? from point P. Potential at P due to this circular strip is 


(Q-— 


Fig. 24.31 
1 dq 
dV = O—— 
ANE o Jn? +x’ 
Here, dq =0 (area of strip) or dq =0 Qmrdr) 
dV = 1 9 (Q2nrdr) 
4n£ 0 r? + x? 


Thus, the potential due to the whole disc is 


R O (R rdr [o] 
rs] Me k ETE 28, 
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(i) At the centre of the disc, x =0 


R : 
V (centre) = ...(1) 
0 


(ii) For x >> R, using the Binomial expansion for 


32 1/2 p 

[p 129 

R° +x zug =x +— 
x 


o R? oR? mR?o 
— —X — = 
2£9 4£gx 4meox 


- EN 
ATE ox 
as 1R*o =q, the total charge on the disc. 


This is the relation as obtained due to a point charge. Thus, at far away points, the distribution of 
charge becomes insignificant. It is difficult to calculate the potential at the points other than on 
the axis. However, potential on the edge of the disc can be calculated as under. 


Potential on the Edge of the Disc 


To calculate the potential at point P, let us divide the disc in large number of rings dr 


with P as centre. The potential due to one segment between r and r + dris given as yo 
dV = 1 a pô 
m C 
Here, dq =o (Area of ring) 


=o (2r8) dr Fig. 24.32 
1 oQr9)dr 
ATE 9 r 
6 
- -O dr 
2TE 9 
Further, r=2Rcos0 
. dr — —2R sin 0 dO 
Hence, dV =- —Č— 2R0 sin 0 de 
TCE 4 
0 R prn 
v =f" av= f" esine de 
T/2 T£Q 0 
| R : 
Solving, we get y - i s) 
TE 4 


Comparing Eqs. (i) and (ii), we see that potential at the centre of the disc is greater than the potential at 
the edge. 
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© Example 24.21 Find out the points on the line joining two charges + q and 
— 3q (kept at a distance of 1.0 m) where electric potential is zero. 


Solution Let P be the point on the axis either to the left or to the right of charge + q at a 


distance r where potential is zero. Hence, 


P +q 1.0m -3q +q P -3q 
LEN 
or 
<> + k 7 »j TET »| 
Fig. 24.33 
3 
Vp=—4 7-9 


4n£ogr 4m£o(l* r) 


Solving this, we get r = 0.5 m 


Further, Vp = 1 2 - 
4n£gr 4ney (l-r) 

which gives r=0.25m 

Thus, the potential will be zero at point P on the axis which is either 0.5 mto the left or 0.25 mto 

the right of charge + q. Ans. 
INTRODUCTORY EXERCISE 
1. Find V,, if 12 J of work has to be done against an electric field to take a charge of 10? C from a 

to b. 


2. Arod of length L lies along the x-axis with its left end at the origin. It has a non-uniform charge 

density à = ax, where a is a positive constant. 
(a) What are the units of o? 
(b) Calculate the electric potential at point A where x =- d. 

3. A charge q is uniformly distributed along an insulating straight wire of length 2/ as shown in 
Fig. 24.34. Find an expression for the electric potential at a point located a distance d from the 
distribution along its perpendicular bisector. 

*P 


2l 


Fig. 24.34 


4. A cone made of insulating material has a total charge Q spread uniformly over its sloping 
surface. Calculate the work done in bringing a small test charge q from infinity to the apex of the 
cone. The cone has a slope length L. 
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24.9 Relation Between Electric Field and Potential 


As we have discussed above, an invisible space is produced across a charge or system of charges in 
which any other test charge experiences an electrical force. The vector quantity related to this force is 
known as electric field. Further, a work is done by this electrostatic force when this test charge is 
moved from one point to another point. The scalar quantity related to this work done is called 
potential. Electric field (E) and potential (V ) are different at different positions. So, they are functions 
of position. 


In a cartesian coordinate system, position of a particle can be represented by three variable 
coordinates x, y and z. Therefore, E and V are functions of three variables x, y and z. In physics, we 
normally keep least number of variables. So, sometimes E and V are the functions of a single variable 
x or r. Here, x is the x-coordinate along x-axis and r normally a distance from a point charge or from 
the centre of a charged sphere or charged spherical shell. From the x-coordinate, we can cover only 
x-axis. But, from the variable r, we can cover the whole space. 


Now, E and V functions are related to each other either by differentiation or integration. As far as 
differentiation is concerned, if there are more than one variables then partial differentiation is done 
and in case of single variable direct differentiation is required. In case of integration, some limit is 
required. Limit means value of the function which we get after integration should be known to us at 
some position. For example, after integrating E, we get V. So, value of V should be known at some 
given position. Without knowing some limit, an unknown in the form of constant of integration 
remains in the equation. One known limit of V is : potential is zero at infinity. 


Conversion of I function into E function 


This requires differentiation. 


Case1 When variables are more than one 
In this case, 


E=E,i+£, jc E, k 


oV 
Here, E,- — — (partial derivative of V w.r.t.x) 


x 


(Ox 
oV ; T 
By 3v — — (partial derivative of V w.r.t. y) 
y 
av 
oz 


E, =- 


zZ 


= — (partial derivative of V w.r.t. z) 


Va Va Va 
Ese j+ k 
HE Dx | 


This is also sometimes written as 
E=- gradient V =- grad V =- V V 


© Example 24.22 The electric potential in a region is represented as 
V =2x+3y-z 
obtain expression for electric field strength. 
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Solution E= l 


Va Va Va 
i+ j+ k 
ox oy oz 


Here, BEL ee E 
ox Ox 
er od ed ee E 
dy y 
oV d 
—=— (2x+3y-z)=-1 
az x y~2) 
E=-2i-3j+k Ans. 


Case 2, When variable is only one In this case, electric potential is function of only one variable 
(say r) and we can write the expression like : 


dV 
^ dr 
or E =- slope of V-r graph 
Example Electric potential due to a point charge q at distance r is given as 
1 q dV 1 q 
~ ANE, E dr ^ meg r? 
E= dV | 1 q 


dr 4m& r 


and we know that this is the expression of electric field due to a point charge. 


Note Eis a vector quantity. In the above method, if single variable is x and E comes out to be positive, then 
direction of E is towards positive x-axis. Negative value of E means direction is towards negative x-axis. 
If variable is r, then positive value of E means away from the point charge or away from the centre of 
charged spherical body and negative value of E means towards the charge or towards the centre of 


charged spherical body. 
Let us take an another example : We wish to find E-r graph (ot 
corresponding to V-r graph shown in Fig. 24.35. 
Electric field E 2 — 5 V/m for 0 <r <2 m as slope of V-r graph is 10 


5 V/m. E =0 for2 m <r < 4m as slope of V-r graph in this region 
is zero. Similarly, E =5 V/m for 4 m <r <6 m as slope in this 
region is — 5 V/m. 


So, the corresponding E-r graph is as shown in Fig. 24.36. Fig e439 


E(Vim) 


Fig. 24.36 


142 * Electricity and Magnetism 


© Example 24.23 The electric potential V at any point x, y, z (all in metre) in 
space is given by V = Ax? volt. The electric field at the point (1m, 0, 2 m) is 
den: V/m. (JEE 1992) 


Solution E= ud am => V=4? 
ox oy Oz 
Therefore, 9Y _ and dV g- 
ox oy Oz 
E-- &i 


or Eat(1m,0,2 m) is -8i V/m. 


Conversion of E into / 


We have learnt, how to find electric field E from the electrostatic potential V. Let us now discuss how 
to calculate potential difference or absolute potential if electric field E is known. For this, use the 
relation 


dV -— E: dr 
B B 
Or [, av=- [, E: ar 
B 
or V, -V, =- |, E-dr 
Here, dr 2 dx i dy j+dzk 


WhenE is Uniform 


Let us take this case with the help of an example. 


© Example 24.24 Find V,, in an electric field E -(21-- 3j - Ak) T 


where r,=(i-2j+k)m and r,=(2i+ j—-2k)m 
Solution Here, the given field is uniform (constant). So using, 

dV =-E-dr 
or Va =V, -7 =- f; E- dr 


i e m or x , T 
T: g LS QE r3 4 O- (dri + dy j+ dz k) 
(1.2, 1) 


(2, 1,2) 


(L-2, 
=- [2xx+3y+ dalga 


(2 dx +3 dy + 4 dz) 


D 
2) 


=-1V Ans. 


Note In uniform electric field, we can also apply V-Ed. 


Here, V is the potential difference between any two points, E is the magnitude of uniform electric field and d is 
the projection of the distance between two points along the electric field. 
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For example, in the figure for finding the potential difference between points A and B we will have to 
keep two points in mind, 


Fig. 24.37 


( V, >Vg as electric lines always flow from higher potential to lower potential. 
(ii) d + AB but d = AC 
Hence, in the above figure, V, -Vg =Ed 


© Example 24.25 In uniform electric field E = 10 NIC, find 


As E 
2m 2m 
ps - d 
Fig. 24.38 
(a) V4 -Vg (b) Vg — Vc 


Solution (a) Vy »V,, So, V, —V3 will be negative. 


Further d 4g = 2cos 60° = 1m 


V, —Vg =- Ed 45 = (-10) (1)= - 10 volt Ans. 
(b) Vg » Vo , so Vg — Vo will be positive. 
Further, dgc —2.0m 
Vg — Ve = (10) (2)= 20 volt Ans. 


© Example 24.26 A uniform electric field of 100 V/m is directed at 30° with the 
positive x-axis as shown in figure. Find the potential difference Vz, if OA 22m 
and OB =4 m. 


Fig. 24.39 
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Solution This problem can be solved by both the methods discussed above. 
Method 1. Electric field in vector form can be written as 
E= (100cos 30° i + 100sin 30° j) Wm 
= (5043 Î + 50j) Wm 


A = (-2m, 0, 0) 
and B= (0, 4m, 0) 
Vig Vy = Vy =, Ed 
BA TB ta 7 A 
m cos o o G0 E+ 50 9): (dei + dy je dz R) 


=- [5043 x+ 50 y]O 


-—100(24- 43) V Ans. 
Method 2. We can also use, V = Ed 
With the view that V, > V or Vg —V, will be negative. 
Here, d 4g = OA cos 30? + OB sin 30? 
43 


=2x Ax l- (3 +2) 
2 2 


Vz —V, =- Ed; =-100(2+43) Ans. 


© Example 24.27 A uniform electric field pointing in positive x-direction exists 
in a region. Let A be the origin, B be the point on the x-axis at x =+1cm and C 
be the point on the y-axis at y =+ 1cm. Then, the potentials at the points A, B 


and C satisfy (JEE 2001) 
(a) V4 < Vg (b) V4 > Vg 
(c) V4 < Vc (d) V4 » Vc 


Solution Potential decreases in the direction of electric field. Dotted lines are 
equipotential lines. 


YA 
i fot . 
ey 1.34 
I I I n 
atts 
T T T > 

Fig. 24.40 


V,-Ve and Vy >Vez 


Hence, the correct option is (b). 
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© Example 24.28 A non-conducting ring of radius 0.5 m carries a total charge 
of 1.11 x 10? C distributed non-uniformly on its circumference producing an 


electric field E everywhere in space. The value of the integral j- E- dl 


(l =0 being centre of the ring) in volt is (JEE 1997) 
(a) * 2 (b) -1 (c) - 2 (d) zero 


i 1-0 1-0 D 
Solution er | Ed =|, _ dV =V (centre)—V (infinity) 
but V (infinity) = 0 

1-0 
= D^ ___ E- dl corresponds to potential at centre of ring. 


qq. (9x10 )(111x107) 
4ne, R 0.5 


=2V 


and V (centre) = 


Therefore, the correct answer is (a). 


INTRODUCTORY EXERCISE £ 


1. Determine the electric field strength vector if the potential of this field depends on x, y 
coordinates as 


(a) V-a(x^-y?) (b) V=axy 
where, a is a constant. 


2. The electrical potential function for an electrical field directed parallel to the x-axis is shown in 
the given graph. 


> x (m) 


2 0 2 4 8 
Fig. 24.41 


Draw the graph of electric field strength. 


3. The electric potential decreases uniformly from 100 V to 50 V as one moves along the x-axis 
from x =Oto x 25m. The electric field at x = 2 m must be equal to 10 V/m. Is this statement true 


or false. 
4. In the uniform electric field shown in figure, find : pommes B 
(a) Va = Vp y m 
(b) V4 — Vc a E=20 Vim 
c) Va- V, 
( ) B D p:----1.m M C 
(d) V5 -Vp —_ 


Fig. 24.42 
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24.10 Equipotential Surfaces 


The equipotential surfaces in an electric field have the same basic idea as topographic maps used by 
civil engineers or mountain climbers. On a topographic map, contour lines are drawn passing through 
the points having the same elevation. The potential energy of a mass m does not change along a 
contour line as the elevation is same everywhere. 


By analogy to contour lines on a topographic map, an equipotential surface is a three-dimensional 
surface on which the electric potential V is the same at every point on it. An equipotential surface has 
the following characteristics. 

1. Potential difference between any two points in an equipotential surface is zero. 

2. Ifa test charge gy is moved from one point to the other on such a surface, the electric potential 
energy qV remains constant. 

3. No work is done by the electric force when the test charge is moved along this surface. 

4. Two equipotential surfaces can never intersect each other because otherwise the point of 
intersection will have two potentials which is of course not possible. 

5. Asthe work done by electric force is zero when a test charge is moved along the equipotential 
surface, it follows that E must be perpendicular to the surface at every point so that the electric 
force qo E will always be perpendicular to the displacement of a charge moving on the surface. 
Thus, field lines and equipotential surfaces are always mutually perpendicular. Some 
equipotential surfaces are shown in Fig. 24.43. 


40V 30V 20V 


Fig. 24.43 


The equipotential surfaces are a family of concentric spheres for a point charge or a sphere of charge 
and are a family of concentric cylinders for a line of charge or cylinder of charge. For a special case of 
a uniform field, where the field lines are straight, parallel and equally spaced the equipotential 
surfaces are parallel planes perpendicular to the field lines. 


Note While drawing the equipotential surfaces we should keep in mind the two main points. 
(i) These are perpendicular to field lines at all places. 
(i) Field lines always flow from higher potential to lower potential. 


© Example 24.29  Equipotential spheres are drawn round a point charge. As we 
move away from the charge, will the spacing between two spheres having a 
constant potential difference decrease, increase or remain constant. 


Solution V,>V, 


Now, 


Chapter 24 Electrostatics * 147 


1 1 an 
= 4 and Vz = ES q 
4R£9 n ATE) r 4 
r: V1: V; 
q 1 1 q n-mn Dd I4 1; V2 
Presa 
4n£9 A n 4meg V hy J 
(4n£o ) (Vj - V5) Fig. 24.44 
(5 — 5)2 2—39—2— (in) 


For a constant potential difference (Vj — V, ), 


h- € nn 


i.e. the spacing between two spheres (7, — 7, ) increases as we move away from the charge, 
because the product 77 will increase. 


24.11 Electric Dipole 


A pair of equal and opposite point charges +q, that are separated by a fixed distance is known as 
electric dipole. Electric dipole occurs in nature in a variety of situations. The hydrogen fluoride 
molecule (HF) is typical. When a hydrogen atom combines with a fluorine atom, the single electron 
of the former is strongly attracted to the later and spends most of its time near the fluorine atom. As a 
result, the molecule consists of a strongly negative fluorine ion some (small) distance away from a 
strongly positive ion, though the molecule is electrically neutral overall. 


——> p 


Every electric dipole is characterized by its electric dipole moment which is -9 3— — —— P» 


a vector p directed from the negative to the positive charge. 
The magnitude of dipole moment is 


2a 
Fig. 24.45 


p=(2a)q 


Here, 2a is the distance between the two charges. 


Electric Potential and Field Due to an Electric Dipole 
Consider an electric dipole lying along positive y-direction with its centre at origin. 
p=2aq j 


Fig. 24.46 


The electric potential due to this dipole at point A (x, y, z) as shown is simply the sum of the 
potentials due to the two charges. Thus, 
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FE q q 
ANE 0 Jx? +(p-ay? +z? Jx? ray +2? 


By differentiating this function, we obtain the electric field of the dipole. 


E zT oV — q J X x | 
t dx Ane, |? «(y-a «z)? [k+ (yta) «zip? 
dc 9V qg | ya yta L 
y oy ATE 9 [x? (pony +P” [x? 4 (y4-d)^ 42°)" 

P^ x OV — q J Zz Z 


V P 
o 4m [[x7+(y-a) +22? p?^-Qeay-ezp? 


Special Cases 
1. On the axis of the dipole (say, along y-axis) 


x=0, z=0 


q 1 1 2aq 
Ke = 2 2 
4n£y| y-a y+aj Ane, (y —a^) 
Pp 
or y =———_ (as 2aq = p) 
Ant, (y^ =a") 


i.e. at a distance r from the centre of the dipole (y =r) 


pe P -y gh. 


- Vis ^ (forr >> a) 
4n£, (r?° - a?) Ane yr? 


V is positive when the point under consideration is towards positive charge and negative if it is 
towards negative charge. 


Moreover the components of electric field are as under 


E, =0, E, =0 (asx=0, z=0) 
_ 4 1 1 
and aa | 7 1 
MEQ | (y-a) (y+a) 
4ayq à 1 2 py 


=e r E y TX 
ATE p (y —4 y ATE 9 iy ay 
Note that E, is along positive y-direction or parallel to p. 


Further, at a distance r from the centre of the dipole ( y 2 r). 


1 2pr 1 2p 


= E amm forr >>a 
ATE 9 (rà - a2? axis ATE 9 p ( ) 


y 
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2. On the perpendicular bisector of dipole 


Say along x-axis (it may be along z-axis also). 


y=0, z=0 
=. q q =0 
ANE 9 {xe ta? {x ta? 
or Fi bisector — 0 
Moreover the components of electric field are as under, 
E,-0, E,z-0 
q —a a 
and B= 
» ANE o Fe xay? (xi. es 
—2aq 


Ane, (x^ Say" 


1 p 


or E = LI 
ANE 9 (x? + a?) 


y 


Here, negative sign implies that the electric field is along negative y-direction or antiparallel to p. 
Further, at a distance r from the centre of dipole (x = r), the magnitude of electric field is 
1 p 1 Pp 


- Or Ey bisector “Z r (forr >> a) 
ANE y (r? - a2)? ATE) r? 


Electric Dipole in Uniform Electric Field 


As we have said earlier also, uniform electric field means, at every point the direction and magnitude 
of electric field is constant. A uniform electric field is shown by parallel equidistant lines. The field 
due to a point charge or due to an electric dipole is non-uniform in nature. Uniform electric field is 
found between the plates of a parallel plate capacitor. Now, let us discuss the behaviour of a dipole in 
uniform electric field. 


Force on Dipole 


Suppose an electric dipole of dipole moment | p| 2 2aq is placed in a uniform electric field E at an 
angle 0. Here, 0 is the angle between p and E. A force F, = qE will act on positive charge and 
F, =- qE on negative charge. Since, F, and F, are equal in magnitude but opposite in direction. 


Fig. 24.47 
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Hence, F,+F,=0 or F,4-0 
Thus, net force on a dipole in uniform electric field is zero. While in a non-uniform electric field it 
may or may not be zero. 


Torque on Dipole 


The torque of F, about O, t; -OAXF;-q(OA x E) 
and torque of F, about O is, T,= OB x E;-- q(OBx E) 
=q(BOx E) 


The net torque acting on the dipole is 
T=T, +T, =q (OA x E) + q (BOX E) 
=q (OA + BO)xE 
=q (BA x E) 
or T=pxE 


Thus, the magnitude of torque ist = pE sin 0. The direction of torque is perpendicular to the plane of 
paper inwards. Further this torque is zero at 09 =0° or 0 =180°, i.e. when the dipole is parallel or 
antiparallel to E and maximum at 0 = 90°. 


Potential Energy of Dipole 

When an electric dipole is placed in an electric field E, a torque t = px E acts on it. If we rotate the 
dipole through a small angle 40, the work done by the torque is 

dW =t d® 

dW =- pE sin 0 d0 
The work is negative as the rotation d9 is opposite to the torque. The change in electric potential 
energy of the dipole is therefore 

dU =- dW = pE sin 0 d0 
Now, at angle 0 =90°, the electric potential energy of the dipole may be assumed to be zero as net 
work done by the electric forces in bringing the dipole from infinity to this position will be zero. 


*q 
90* 
-q : 
Fig. 24.48 
Integrating, dU = pE sin 0 40 
0 0 
From 90? to 0, we have Í dU =| pE sin 0 d0 
90* 90* 
or U (8)-U (90°) = pE [- cos 0]5,. 


U (0)2— pEcos0-- p. E 
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If the dipole is rotated from an angle 0, to 0», then 

Work done by external forces =U (05) —U (8j) 
or Wout. forces =— DE cos 0, — (- pE cos0,) 
= Wa forces = PE (cos 0; — cos 0;) 


and work done by electric forces, 


W. 


electric force 


-- Wy. 


ext. force 


= pE (cos ®, —cos0,) 


Equilibrium of Dipole 
When an electric dipole is placed in a uniform electric field net force on it is zero for any position of 
the dipole in the electric field. But torque acting on it is zero only at0 = 0° and 180°. Thus, we can say 
that at these two positions of the dipole, net force and torque on it is zero or the dipole is in 
equilibrium 


-E | AA E 
*q 
Fy 
=q +q 5 
aop Restoring torque 
-q 
F? 
—— Ss v 
0-20? When displaced from equilibrium 
U = minimum = - pE position a restoring torque 
Fret 720,770 acts on the dipole 
-E >E 
Fi — 
+g g => Torque in opposite 
—————— direction 
p 
+q F2 


0 = 180? When displaced from equilibrium 
U = maximum = + pE position, torque acts in 
Fret 720,770 opposite direction 


Fig. 24.49 


Of this, 0 20? is the stable equilibrium position of the dipole because potential energy in this 
position is minimum (U =— pE cos 0? 2 — pE) and when displaced from this position a torque starts 
acting on it which is restoring in nature and which has a tendency to bring the dipole back in its 
equilibrium position. On the other hand, at 0 =180°, the potential energy of the dipole is maximum 
(U =- pE cos180? =+ pE) and when it is displaced from this position, the torque has a tendency to 
rotate it in other direction. This torque is not restoring in nature. So, this equilibrium is known as 
unstable equilibrium position. 


Important Formulae 


1. As there are too many formulae in electric dipole, we have summarised them as under : 


|p| = 
Direction of p is from -q to +q. 


2. If a dipole is placed along y-axis with its centre at origin, then 


4 
V(x y, 2) q 3 
4n& | x? + (y- ap + 2 qe +(y+af +z 
AE ov E c oV 
ox oy 
and E=- ov 
oz 
3. On the axis of dipole x-0, z=0 
(i) TE MEE M 
4n£ (y^ - a°) 
T ae ify=r 
Ane, r^ - a? 
4.1] P ; 
a Vo Ane, zZ ifr>>a 
(ii) E, 20-E, and 
1 2py 
ESE, = : alon 
ine Gee (along p) 
= 1 Sp ify=r 
ANE, (? — a? 
2 1 .2p 
or E axis 7 Ane, "m forr>>a 
4. On the perpendicular bisector of dipole Along x-axis, y= 0, z=0 
(i) V, bisector — 0 
(ii) E,-0 E,-0 and 
Edd. P 
y Ane, (x? n gap 
1 p ; 
Or E- opposite to 
Ame, (r? + a2? ie n 
s1 ud forr>>a 
4ne, r? 


5. Dipole in uniform electric field 
(i) Fhet = 0 
(i) t=pxE and |t|=pEsine 
ii) U(9)2—p.E-- pEcose with U (909) 20 
iV) (Ws. ,6. Jext. force = PE (cos 8, — cos 6;) 
(V). (Wa, e. electric force = PE (Cos 85 — Cos 86) = — We, 6. ext. force 
i) 
) 


(vi) At8 = 0°, Fret = 0, Thet = 0, U = minimum (stable equilibrium position) 
(vii) At® = 180°, Fret = 0, Tree = 0, U = maximum (unstable equilibrium position) 
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© Example 24.30 Draw electric lines of forces due to an electric dipole. 


Solution Electric lines of forces due to an electric dipole are as shown in figure. 


Fig. 24.50 


© Example 24.31 Along the axis of a dipole, direction of electric field is always 
in the direction of electric dipole moment p. Is this statement true or false? 
Solution False. In the above figure, we can see that direction of electric field is in the opposite 
direction of p between the two charges. 


© Example 24.32 Ata far away distance r along the axis from an electric dipole 
electric field is E. Find the electric field at distance 2r along the perpendicular 


bisector. 
Solution Along the axis of dipole, 
2 
CENE NO 
Ane, p? 
This electric field is in the direction of p Along the perpendicular bisector at a distance 27, 
jose P ...(ii) 
4n£, (2r) 
From Eqs. (i) and (11), we can see that 
, E 
16 
Moreover, Æ’ is in the opposite direction of p Hence, 
E'--— E Ans. 
16 


24.12 Gauss's Law 


Gauss's law is a tool of simplifying electric field calculations where there is symmetrical distribution 
of charge. Many physical systems have symmetry, for example a cylindrical body doesn't look any 
different if we rotate it around its axis. 


Before studying the detailed discussion of Gauss's law let us understand electric flux. 


Electric Flux (0) 


(i) Electric flux is a measure of the field lines crossing a surface. 


f ' : QUN 
(ii) It is a scalar quantity with SI units C m? or V- m. 
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(iii) Electric flux passing through a small surface dS is given by 


ds E 
D 
Fig. 24.51 
db =E- d$ = EdS cos ...(i) 


Here, dS is an area vector, whose magnitude is equal to dS and whose direction is perpendicular 
to the surface. 


Note Ifthe surface is open, then dS can be taken in either of the two directions perpendicular to the surface, 
but it should not change even if we rotate the surface. 


If the surface is closed then by convention, dS is normally taken in outward direction. 


(iv) From Eq. (i), we can see that maximum value of dọ is EdS, if 0 290? or electric lines are 
perpendicular to the surface. Electric flux is zero, if 0 = 90? or electric lines are tangential to the 


surface. 
E 
dó- EdS dó-0 
Fig. 24.52 
(v) Electric flux passing through a large surface is given by 
6 - [do = [E-aS- | E dS cos 8 ...(ii) 


This is basically surface integral of electric flux over the given surface. But normally we do not 
study surface integral in detail in physics. 


Here, are two special cases for calculating the electric flux passing through a surface S of finite size 
(whether closed or open) 


Case 1 o=ES 


Closed 
surface 


Fig. 24.53 


If at every point on the surface, the magnitude of electric field is constant and perpendicular (to the 
surface). 
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Case 2 0-0 
pu 
Je 
> Closed \ 
( surface ] 
boc NE ue 
Fig. 24.54 


If at all points on the surface the electric field is tangential to the surface. 


Gauss's Law 
This law gives a relation between the net electric flux through a closed surface and the charge 
enclosed by the surface. According to this law, 


"the net electric flux through any closed surface is equal to the net charge inside the surface divided 
by €,.” In symbols, it can be written as 
$, = $E -ds= 4 
S Eo 


BAGN) 


where, qip represents the net charge inside the closed surface and E represents the electric field at any 
point on the surface. 


In principle, Gauss's law is valid for the electric field of any system of charges or continuous 
distribution of charge. In practice however, the technique is useful for calculating the electric field 
only in situations where the degree of symmetry is high. Gauss's law can be used to evaluate the 
electric field for charge distributions that have spherical, cylindrical or plane symmetry. 


Simplified Form of Gauss's Theorem 


Gauss's law in simplified form can be written as under 


ES - 2i. or E= 
Eo S£, 


a(i) 


but this form of Gauss's law is applicable only under the following two conditions : 
(i) The electric field at every point on the surface is either perpendicular or tangential. 
(ii) Magnitude of electric field at every point where it is perpendicular to the surface has a constant 
value (say £). 
Here, S 1s the area where electric field is perpendicular to the surface. 


Applications of Gauss's Law 


As Gauss's law does not provide expression for electric field but provides only for its flux through a 
closed surface. To calculate E we choose an imaginary closed surface (called Gaussian surface) in 
which Eq. (ii) can be applied easily. Let us discuss few simple cases. 
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Electric field due to a point charge 


The electric field due to a point charge is everywhere radial. We wish to 
find the electric field at a distance r from the charge q. We select Gaussian 
surface, a sphere at distance r from the charge. At every point of this 
sphere the electric field has the same magnitude E and it is perpendicular 
to the surface itself. Hence, we can apply the simplified form of Gauss's 
law, 

Gin 

£o 


ES- 


Fig. 24.55 


Here, S= area of sphere = 4n? and 


din = net charge enclosing the Gaussian surface = q 


E (4nr?) = 

Eo 
ee 
ATE) r’? 


It is nothing but Coulomb’s law. 


Electric field due to a linear charge distribution 


Consider a long line charge with a linear charge density (charge per unit 
length) à. We have to calculate the electric field at a point, a distance r from 
the line charge. We construct a Gaussian surface, a cylinder of any arbitrary _ 
length / of radius r and its axis coinciding with the axis of the line charge. 
This cylinder have three surfaces. One is curved surface and the two plane 
parallel surfaces. Field lines at plane parallel surfaces are tangential (so flux ; 
passing through these surfaces is zero). The magnitude of electric field is 
having the same magnitude (say E) at curved surface and simultaneously the 
electric field is perpendicular at every point of this surface. = 


Hence, we can apply the Gauss’s law as 


B= = 
Eq Fig. 24.56 
Here, S = area of curved surface = (2771) 
E 
Curved surface Plane surface 


Fig. 24.57 
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and qin = net charge enclosing this cylinder = A4 

Al 

E (2nrl) =— E 
£o 
À 
E= 

2TE yr 

1 
1e: E e — | d 

r Fig. 24.58 


or E-r graph is a rectangular hyperbola as shown in Fig. 24.58. 


Electric field due to a plane sheet of charge 


Figure shows a portion of a flat thin sheet, infinite in size with constant surface charge density o 
(charge per unit area). By symmetry, since the sheet is infinite, the field must have the same 
magnitude and the opposite directions at two points equidistant from the sheet on opposite sides. Let 
us draw a Gaussian surface (a cylinder) with one end on one side and other end on the other side and 
of cross-sectional area Sọ. Field lines will be tangential to the curved surface, so flux passing through 
this surface is zero. At plane surfaces electric field has same magnitude and perpendicular to surface. 


p 
E 
p o. 
BOCA Ss 
: ltd 
E «— : etl —E 
Tele 
itlt* 
E 
"n 
Fig. 24.59 
H : _ Win 
ence, using ES = 
Eo 
zoj OOD 
0 
Eo 
E- [o] 
2£9 


Thus, we see that the magnitude of the field is independent of the distance from the sheet. Practically, 
an infinite sheet of charge does not exist. This result is correct for real charge sheets 1f points under 
consideration are not near the edges and the distances from the sheet are small compared to the 
dimensions of sheet. 


Electric field near a charged conducting surface 


When a charge is given to a conducting plate, it distributes itself over the entire outer surface of the 
plate. The surface density o is uniform and is the same on both surfaces if plate is of uniform thickness 
and of infinite size. 
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This is similar to the previous one the only difference is that this time charges are on both sides. 


Pa 


zmn e —E 


ER 


Fig. 24.60 
Jin 
£o 
Here, S=2S) and qin =(0) (250) 
(0) 2So) 
€ 


E (285) = ———— 
0 


Hence, applying ES = 


o 
E=— 
Eo 


Thus, field due to a charged conducting plate is twice the field due to plane sheet of charge. It also has 
same limitations. 

Later, we will see that the electric field near a charged conducting surface of any shape is O/€ , and it is 
normal to the surface. 


Note In case of closed symmetrical body with charge q at its centre, the electric flux linked with each half will 
be : = FA If the symmetrical closed body has n identical faces with point charge at its centre, flux 
£o 


Paw. 


linked with each face will be — — ; 
n N Eq 


© Extra Points to Remember 
e Net electric flux passing through a closed surface in uniform electric field is zero. 


6 Example 24.33 An electric dipole is placed at the centre of a sphere. Find the 
electric flux passing through the sphere. 


Solution Net charge inside the sphere q;, = 0. Therefore, according to Gauss’s law net flux 
passing through the sphere is zero. Ans. 


Fig. 24.61 
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© Example 24.34 A point charge q is placed at the centre of a cube. What is the 
flux linked 
(a) with all the faces of the cube? 
(b) with each face of the cube? 
(c) if charge is not at the centre, then what will be the answers of parts (a) and (b)? 
Solution (a) According to Gauss's law, 
Protal = a = LA Ans. 
£9 — £9 
(b) The cube is a symmetrical body with 6 faces and the point charge is at its centre, so electric 
flux linked with each face will be 
= Ota q 


- zo Ans. 
each face 6 686 
(c) If charge is not at the centre, the answer of part (a) will remain same while that of part 
(b) will change. 
INTRODUCTORY EXERCISE 


1. In figure (a), a charge q is placed just outside the centre of a closed hemisphere. In figure 
(b), the same charge q is placed just inside the centre of the closed hemisphere and in 
figure (c), the charge is placed at the centre of hemisphere open from the base. Find the 
electric flux passing through the hemisphere in all the three cases. 


q 


Fig. 24.62 


2. Net charge within an imaginary cube drawn in a uniform electric field is always zero. Is this 
statement true or false? 


3. A hemispherical body of radius R is placed in a uniform electric field E. What is the flux linked 
with the curved surface if, the field is (a) parallel to the base, (b) perpendicular to the base. 


4. A cube has sides of length L =0.2 m. Itis placed with one corner at the origin as shown in figure. 
The electric field is uniform and given by E= (2.5 N/C)i- (4.2 N/C) j. Find the electric flux 
through the entire cube. 


Fig. 24.63 
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24.13 Properties of a Conductor 


Conductors (such as metals) possess free electrons. If a resultant electric field exists in the conductor 
these free charges will experience a force which will set a current flow. When no current flows, the 
resultant force and the electric field must be zero. Thus, under electrostatic conditions the value of E 
at all points within a conductor is zero. This idea, together with the Gauss’s law can be used to prove 
several interesting facts regarding a conductor. 


Excess Charge on a Conductor Resides on its Outer Surface 


Consider a charged conductor carrying a charge q and no currents are flowing in it. Now, consider a 
Gaussian surface inside the conductor everywhere on which E - 0. 


Thus, from Gauss's law, 


We get, 


poy Gaussian (E = 0) 
surface 


*Y + 

Fig. 24.64 
pras - fn. 
S Eo 


din =0, as E=0 


Thus, the sum of all charges inside the Gaussian surface is zero. This surface can be taken just inside 
the surface of the conductor, hence, any charge on the conductor must be on the surface of the 


conductor. In other words, 


“Under electrostatic conditions, the excess charge on a conductor resides on its outer surface.” 


Electric Field at Any Point Close to the Charged Conductor is = 


Consider a charged conductor of irregular shape. In general, surface charge E 
density will vary from point to point. At a small surface AS, let us assume it to be a 


£p 


constant ©. Let us construct a Gaussian surface in the form of a cylinder of E=0 
cross-section AS. One plane face of the cylinder is inside the conductor and other 
outside the conductor close to it. The surface inside the conductor does not 
contribute to the flux as E is zero everywhere inside the conductor. The curved 
surface outside the conductor also does not contribute to flux as Eis always normal 
to the charged conductor and hence parallel to the curved surface. Thus, the only 


contribution to the flux is through the plane face outside the conductor. Thus, from 


Gauss's law, 


Fig. 24.65 
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fE- dS = Qin 
S Eo 
" EAS = 0) 4S) 
Eo 
or ga 
Eo 


Note (i) Electric field changes discontinuously at the surface of a conductor. Just inside the conductor it is zero 


and just outside the conductor it is 2 in fact, the field gradually decreases from © to zero in a small 
£o £o 


thickness of about 4 to 5 atomic layers at the surface. 
(ii) For a non-uniform conductor the surface charge density (o) varies inversely as the radius of curvature (p) 
of that part of the conductor, i.e. 
1 
ox - 
Radius of curvature (p) 


NTIIM 

+ + 

Fox + 2 
T 


+ 1+ 
+ + Ey 
*R 
T 
T 
+4+444t 


Fig. 24.66 


++ 


For example in the figure, pi < P2 zo 01> 0? 


or E, >E, as E=— 


Electric Field and Field Lines are Normal to the Surface of a Conductor 


Net field inside a conductor is zero. It implies that no field lines enter a conductor. On the surface of a 
conductor, electric field and hence field lines are normal to the surface of the conductor. 


Fig. 24.67 


Ifa conducting box is immersed in a uniform electric field, the field lines near the box are somewhat 
distorted. Similarly, if a conductor is positively charged, the field lines originate from the surface and 
are normal at every point and if it is negatively charged the field lines terminate on the surface 
normally at every point. 
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Cavity Inside a Conductor 
Consider a charge + q suspended in a cavity in a conductor. Consider a Gaussian surface just outside 
the cavity and inside the conductor. E =0 on this Gaussian surface as it is inside the conductor. Hence, 
from Gauss's law, 

Tin 

Eo 


fE- dS = gives qi, =0 


+ + | 
y E Gaussian \G + 
+ +— surface + val 
+ as t Ss 
puna + ya + 
1 S Y 


(a) (b) 
Fig. 24.68 


This concludes that a charge of — q must reside on the metal surface of the cavity so that the sum of 
this induced charge — q and the original charge + q within the Gaussian surface is zero. In other 
words, a charge q suspended inside a cavity in a conductor induces an equal and opposite charge — q 
on the surface of the cavity. Further as the conductor is electrically neutral a charge + q is induced on 
the outer surface ofthe conductor. As field inside the conductor is zero, the field lines coming from q 
cannot penetrate into the conductor. The field lines will be as shown in Fig. (b). 

The same line of approach can be used to show that the field inside the cavity of a conductor is zero 


when no charge is suspended in it. 


Electrostatic shielding 
Suppose we have a very sensitive electronic instrument that we want to protect from external electric 
fields that might cause wrong measurements. We surround the instrument with a conducting box or 
we keep the instrument inside the cavity of a conductor. By doing this charge in the conductor 1s so 
distributed that the net electric field inside the cavity becomes zero and the instrument is protected 
from the external fields. This is called electronic shielding. 


The Potential of a Charged Conductor Throughout its Volume is Same 


In any region in which E = Oat all points, such as the region very far from all charges or the interior of 
a charged conductor, the line integral of Eis zero along any path. It means that the potential difference 
between any two points in the conductor are at the same potential or the interior of a charged 


conductor is an equipotential region. 
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24.14 Electric Field and Potential Due to Charged Spherical Shell 


or Solid Conducting Sphere 


Electric Field 


At all points inside the charged spherical conductor or hollow spherical shell, electric field E = 0, as 
there is no charge inside such a sphere. In an isolated charged spherical conductor any excess charge 
on it is distributed uniformly over its outer surface same as that of charged spherical shell or hollow 
sphere. The field at external points has the same symmetry as that of a point charge. We can construct 
a Gaussian surface (a sphere) of radius r » R. At all points of this sphere the magnitude of electric 
field is the same and its direction is perpendicular to the surface. 


Ni. _ Gaussian 
y uet \ surface 


Fig. 24.69 


Thus, we can apply 


ES-22*. or E(4nr))- 3 
Eo Eo 
zo. 4 
Amey r? 


Hence, the electric field at any external point is the same as if the total charge is concentrated at 
centre. 


At the surface of sphere r= R, 


_ 1 4 
Amey R? 
Thus, we can write E inside =9 
l q 
surface ANE o R2 
1 q 
E oide = ARE o uu 


The variation of electric field (E) with the distance from the 
centre (7) is as shown in Fig. 24.70. 


Note (i) At the surface graph is discontinuous 
1 q _ g/4nR? o 
Ane, R° Eq Eo 


(i) E curface = 
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Potential 
As we h E i adi 
s we have seen, outside = .— 
tide AE. p? 
= V saisis - l q E= dV 
dr Ame) r? © dr 
V mE q r dr = 
Í dV outside = ANE 9 5 p (V, =0) 
1 1 
= Sog yx 
4n£g F r 


Thus, at external points, the potential at any point 1s the same when the whole charge is assumed to be 
concentrated at the centre. At the surface of the sphere, r = R 


"i ud 


i 4ngy R 
At some internal point electric field is zero everywhere, 
therefore, the potential is same at all points which is equal to the 4 q 
potential at surface. Thus, we can write 4neo R 


l q 
Vinsidë = V audisse = Ane ` R 
0 


T 


l q Fig. 24.71 


and ——. 
4n£g F 


V odside = 


The potential (V) varies with the distance from the centre (7) as shown in Fig. 24.71. 


24.15 Electric Field and Potential Due to a Solid Sphere of Charge 


Electric Field 


Positive charge q is uniformly distributed throughout the volume of a Gaussian 
solid sphere of radius R. For finding the electric field at a distance r surface 
(« R) from the centre let us choose as our Gaussian surface a sphere of 

radius r, concentric with the charge distribution. From symmetry, the 

magnitude E of electric field has the same value at every point on the 

Gaussian surface and the direction of E is radial at every point on the 

surface. So, applying Gauss's law 


ES — 2i. ...) Fig. 24.72 
£o 
2 d 5 
Here, S-4mr^ and gi, =(P) G Tr ) 
Here, p =charge per unit volume = zi 
$ aR? 


3 
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Substituting these values in Eq. (1) 


1 
We have, = ty or Ear 
Amey R? 
At the centre r=0, so E=0 
1 
At surface r-R, so - Um 
Amey) R? 


To find the electric field outside the charged sphere, we use a spherical Gaussian surface of radius 
r (> R). This surface encloses the entire charged sphere, so qin =q, and Gauss's law gives 
1 q 


E(4nr?)=4 or E= 5 
Eo 4n£9 r 


or E œx — 


Notice that if we set r = R in either of the two expressions for E (outside and inside the sphere), we 
E E 
ATE) R? 


get the same result, 
Aq 


this is because E is continuous function ofr in this case. By contrast, 4reoR2 
for the charged conducting sphere the magnitude of electric field 1s 


discontinuous at r= R (it jumps from E =0 to E =o/€ 9). 


Thus, for a uniformly charged solid sphere we have the following O 5 
formulae for magnitude of electric field : Fig. 24.73 
l d 
E inside "Amey R? d 
| dq 
surface 4n£ o EI 
l 4 
E outside = ANE o E 


The variation of electric field (E) with the distance from the centre of the sphere (r) is shown in 
Fig. 24.73. 


Potential 
The field intensity outside the sphere is 
l q 
E outside = Ane : p 
0 
dV outside = . 
dr outside 


dV adde ==E outside dr 
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V f 1 q 
Or lig dV side = — É i E dr 
0 
1 
> E as V,-0 or Vœ- 
ATE F 
1 
At r=R, V= 4 
ATE) R 
1 
i.e. at the surface of the sphere potential is V. = 1 = 
TE 9 
The electric intensity inside the sphere, 
l1 q 
E isde ARES ` R? d 
OV uide m Fe. 
dr inside 


Fade mE inside dr 
V 1 q r 
L dV inside iu 4n£ ` r3 rdr 


1 q DB 
V Vs = $ 3 
4n£9 R^|2 " 


1 
Substituting Vs «cu we get 
T£ o 


1 
V= L (1.5 R? -0.5 r?) 
Ane) R? 


3f 1 3 
At the centre r = 0 and V, = «s V,, i.e. potential at 
2\4me, R} 2^ 


the centre is 1.5 times the potential at surface. 


Thus, for a uniformly charged solid sphere we have the following 
formulae for potential : 


1 
V otsite ie. k 
0 
l q 
F sacha “Ane, R 
0 
1 gq|3 17 
and V... = à 
inside mo HE 24 


The variation of potential (V) with distance from the centre (r) is as shown in Fig. 24.74. For inside 
points variation is parabolic. 


List of formulae for field strength £ and potential V | k = 


Charge 
S.No. Distribution 


1. Point charge 


2. Uniformly charged 
spherical shell 


3. Solid sphere of 
charge 


4. On the axis of 
uniformly | charged 
ring 


5. Infinitely long line 
charge 


Formula 
-kq 
r? 
E Z0 
q o 
E. = k.—-— 
i R^ & 
kq 
E 2 
Oo r 
kqr 
EU R3 
kq 
Es Re 
Kq 
E... 
Oo r 
" kqx 
E (R? + x? 
At centre 
x=0 
EQ 
E- A 
2T Egr 
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Table 24.1 


Graph 


>m 


1 
ANE 


Formula 


v=% 
r 


V = 
OMEN.) 
At centre 
x=0 
v2 
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Graph 


Not required 
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Final Touch Points 


1. Permittivity Permittivity or absolute permittivity is a measure of resistance that is encountered when 


forming an electric field in a medium. Thus, permittivity 


relates to a material's ability to resist an 


electric field (while unfortunately, the word “permit” suggests the inverse quantity). 


The permittivity of a medium describes how much electric field (more correctly, flux) is generated per 
unit charge in that medium. More electric flux (per unit charge) exists in a medium with a low 
permittivity. Vacuum has the lowest permittivity (therefore maximum electric flux per unit charge). Any 


other dielectric medium has K -times (K = dielectric con 


stant) the permittivity of vacuum. This is 


because, due to polarization effects electric flux per unit charge deceases K - times (K » 1). 
2. Dielectric constant (K) Also known as relative permittivity of a given material is the ratio of 
permittivity of the material to the permittivity of vacuum. This is the factor by which the electric force 


between the two charges is decreased relative to vacuum 


. Similarly, in the chapter of capacitors we 


will see that it is the ratio of capacitance of a capacitor usin 
a similar capacitor that has vacuum as its dielectric. 


g that material as a dielectric compared to 


3. Electric field and potential due to a dipole at polar coordinates (r, 0) 


p cos 0 


or V= 5 
4ng£9 r 


The electric field E can be resolved into two components E, and E,, where 


1 2 0 
Or E= PARERA 
ANE, r 
and E= l Ben 
4ne) r 


The magnitude of resultant electric field E = JE? + E? 


Or Ee z VI+ 3 cos? 0 


7 4n£o r 
Its inclination ó to OA is given by 


tang - t= 


p sin 8/4nggr? 


E, 2pcos 0/4negr? 


or tano = 08 
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4. Force between two dipoles The force between two dipoles varies inversely with the fourth power 
of the distance between their centres or 


Fe 
E 
P1 P2 
———- 5y 
' r : 
= a 


In the, figure, a dipole on left with dipole moment p, interacts with the dipole on the right with dipole 
moment p». We assume that the distance between them is quite large. The electric field of the dipole 
on the left hand side exerts a net force on the dipole on the right hand side. Let us now calculate the 
net force on the dipole on right hand side. 
The electric field at the centre of this dipole 
| 1 2p, 
Ane, r? 


dE =-—1_. Pi a 
4n£o r 


Now, the electric field at the point where - q charge of the dipole lies is given by 


E; =E *|dE| 
and force on - qis gE, (towards left) 
Similarly, electric field at the point where + q charge of the dipole lies is 

E,=E-|dE| 
and force on + qis qE, (towards right) 


r n 
r i 
iE 
Net force on the dipole is 
F=ġğE;=-qE; (towards left) 
= 2q | dE] 
B: (2qar) p, 
Angs r^ 
p= 6p, p» 


or 7 
4ng9 r 


[as 2q (ar) = p3] 


Thus, if p, || pz, the two dipoles attract each other with a force given by the above relation. 


5. Earthing a conductor Potential of earth is often taken to be zero. If a conductor is connected to the 
earth, the potential of the conductor becomes equal to that of the earth, i.e. zero. If the conductor was 
at some other potential, charges will flow from it to the earth or from the earth to it to bring its potential 
to zero. 


solved Examples 


TYPED PROBLEMS 


Type 1. 7o find electric potential due to charged spherical shells 


Concept 
To find the electric potential due to a conducting sphere (or shell) we should keep in mind 
the following two points 
(i) Electric potential on the surface and at any point inside the sphere is 


E (R = radius of sphere) 
4ngy R 
(ii) Electric potential at any point outside the sphere is 
Eg (r = distance of the point from the centre) 
ATE r 


For example, in the figure shown, potential at A is 


AES 1 [94 , Q8 , Ie 
4R£o9| TA TR Te 


Similarly, potential at Bis Vg = —L [5 4 28, = 


ATE 0 rB rB TC 
and potential at C is, Mo = 1 ga 28 .,9c 
ATE 9 To To To 


© Example 1 Three conducting spherical shells have charges q, —2q and 3q as 
shown in figure. Find electric potential at point P as shown in figure. 


3q 


Solution Potential at P, 
Vp = V; + Vat Va, 
Fa RkQq) , k@q) 
r r 3R 
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=kq (s = 2) Ans. 
Ror 
Here, = l 
ANE, 


© Example 2 Figure shows two conducting thin concentric shells of radii r and 3r. 
The outer shell carries a charge q. Inner shell is neutral. Find the charge that will 
flow from inner shell to earth after the switch S is closed. 


o 


Solution Let g be the charge on inner shell when it is earthed. 
Potential of inner shell is zero. 
l [£ + x =0 
4ney9_r3r 


1.e. + E charge will flow from inner shell to earth. Ans. 


Type 2. Based on the principle of generator 


Concept 


A generator is an instrument for producing high voltages in the million volt region. Its 
design is based on the principle that if a charged conductor (say A) is brought into contact 
with a hollow conductor (say B), all of its charge transfers to the hollow conductor no matter 
how high the potential of the later may be. This can be shown as under: 


A 
c qa 3B 
rB 
In the figure, Va = 1 [ga _ 9B 
4R£o|TA Tp 


and Vg i l dA dB | 
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From this expression the following conclusions can be drawn : 


gg 
QA 


(i) The potential difference (PD) depends on q4 only. It does not depend on qp. 

(ii) If q; is positive, then V, — Vp is positive (asr4 < rg), i.e. V4 > Vg. Soifthe two spheres 
are connected by a conducting wire charge flows from inner sphere to outer sphere 
(positive charge flows from higher potential to lower potential) till V4 = Vg or 
V4 — Vg = 0 But potential difference will become zero only when q4 = 0, i.e. all charge 
da flows from inner sphere to outer sphere. 

(iii) If q4 is negative, V, — Vp is negative, i.e. V, < Vg. Hence, when the two spheres are 
connected by a thin wire all charge q4 will flow from inner sphere to the outer sphere. 
Because negative charge flows from lower potential to higher potential. Thus, we see 
that the whole charge q4 flows from inner sphere to the outer sphere, no matter how 
high gp is. Charge always flows from A to B, whether q4 » qp or qg>qa, 
Va >Vg or Vg» V4. 


© Example 3 Initially the spheres A and B are at potentials V, and Vg. Find the 
potential of A when sphere B is earthed. 
B 


Solution As we have studied above that the potential difference between these two spheres 
depends on the charge on the inner sphere only. Hence, the PD will remain unchanged because 
by earthing the sphere B charge on A remains constant. Let V4 be the new potential at A. Then, 


Va — Va = Và - Vg 
but Vj =0 as it is earthed. Hence, 
Va = Va = Vg Ans. 


Type 3. Based on the charges appearing on different surfaces of concentric spherical shells 


Concept 


Figure shows three concentric thin spherical shells A, B and C of radii a, b and c. The shells 
A and C are given charges q; and q, and the shell B is earthed. We are interested in finding 
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the charges on inner and outer surfaces of A, B and C. To solve such type of problems we 
should keep the following points in mind : 


(i) The whole charge q, will come on the outer surface of A unless some charge is kept 
inside A. To understand it let us consider a Gaussian surface (a sphere) through the 
material of A. As the electric field in a conducting material is zero. The flux through 
this Gaussian surface is zero. Using Gauss's law, the total charge enclosed must 
be zero. 


qı 


Gaussian 
surface 


(ii) Similarly, if we draw a Gaussian surface through the material of B we can see that 
q3 +q; =0 or q3=-qı 
and if we draw a Gaussian surface through the material of C, then 
d5 +q4 +q3 +q =0 or q; -—q, 
iii) ds + dg = q2. AS q charge was given to shell C. 
(iv) Potential of B should be zero, as it is earthed. Thus, 
Vg = 0 
1 b 4 28 * d4 , ds $5 |- o 
Ane, L b b c 


So, using the above conditions we can find charges on different surfaces. 


or 


We can summarise the above points as under 

1. Net charge inside a closed Gaussian surface drawn in any shell is zero. (provided the 
shell is conducting). 

. Potential of the conductor which is earthed is zero. 

. If two conductors are connected, they are at same potential. 

. Charge remains constant in all conductors except those which are earthed. 

. Charge on the inner surface of the innermost shell is zero provided no charge is kept 
inside it. In all other shells charge resides on both the surfaces. 


ao fk w b 


6. Equal and opposite charges appear on opposite faces. 
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© Example 4 A charge q is distributed uniformly on the 
surface of a solid sphere of radius R. It is covered by a 
concentric hollow conducting sphere of radius 2R. Find the 
charges on inner and outer surfaces of hollow sphere if it is = 
earthed. 


Solution The charge on the inner surface of the hollow sphere should be g 
—q, because if we draw a closed Gaussian surface through the material of 

the hollow sphere the total charge enclosed by this Gaussian surface 

should be zero. Let q’ be the charge on the outer surface of the hollow 

sphere. 


Since, the hollow sphere is earthed, its potential should be zero. The 
potential on it is due to the charges q, — q and q’, Hence, 


_ 1 | a q,d | = 
4ne, | 2R 2R 2R 
E. qd =0 Ans. 
Therefore, there will be no charge on the outer surface of the hollow sphere. 


6 Example 5 Solve the above problem if thickness of the hollow sphere is 
considerable. 


Solution In this case, we can set V =0 at any point on the hollow sphere. Let us select a point 
P a distance r from the centre, were R, < r < R}. So, 


Vp =0 
Bg eae, 
4ngy|r r R 
d =0 Ans. 


i.e. in this case also there will be no charge on the outer surface of the hollow sphere. 


© Example 6 Figure shows three concentric thin spherical shells A, B and C of 
radii R, 2R and 3R. The shell B is earthed and A and C are given charges q and 
2q, respectively. Find the charges appearing on all the surfaces of A, B and C. 
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Solution Since, there is no charge inside A. The whole charge q given 2q+ q 
to the shell A will appear on its outer surface. Charge on its inner surface 

will be zero. Moreover if a Gaussian surface is drawn on the material of 

shell B, net charge enclosed by it should be zero. Therefore, charge on its 

inner surface will be — q. Now let ¢ be the charge on its outer surface, 

then charge on the inner surface of C will be — g and on its outer surface vá 


will be, 2q — (— d )=2q + ¢ as total charge on C is 2q. 
Shell B is earthed. Hence, its potential should be zero. 


H È g wa 207 Io 


4xe; |2R. 2R 2R 3R 3R 
Solving this equation, we get 
,_ 4 
q = 3 q 
4 2 
2q + q =2 - 
qtdq q 3 q 3 q 
Therefore, charges on different surfaces in tabular form are given below : 
Table 24.2 
A B (G 
Inner surface 0 -=q fa 
3 
Outer surface q E. 29 
37 3 


Type 4. Based on finding electric field due to spherical charge distribution 


Concept 
According to Gauss's theorem, at a distance r from centre of sphere, 
E= kain 
r? 


p 
ATE, 


Here, q;,, is the net charge inside the sphere of radius r . If volume charge density (say p) is 


constant, then 


qin = (volume of sphere of radius r)(p)= “arp 


If pis variable, then qi» can be obtained by integration. 


Passage (Ex. 7 to Ex. 9) 
The nuclear charge (Ze) is non-uniformly distributed within a 
nucleus of radius R. The charge density p(r) (charge per unit 
volume) is dependent only on the radial distance r from the centre 
of the nucleus as shown in figure. The electric field is only along 
the radial direction. 


p (n) 


d 
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© Example 7 The electric field at r= R is (JEE 2008) 
(a) independent of a 
(b) directly proportional to a 
(c) directly proportional to a? 
(d) inversely proportional to a 
Solution At r = R, from Gauss's law 


E 4nR)) =% -2 or E= a 
£y £ 4n£oj R^ 


E is independent of a. 
The correct option is (a). 


© Example 8 For a —0, the value of d (maximum value of p as shown in the 


figure) is (JEE 2008) 
p (n 
d 
k 
R 
3Ze 3Ze 4Ze Ze 
a b) — c) —— d 
e) An RP (9) TR? © 3n? @ 31R? 
Solution For a=0, p 
d d 
=|-—-r+d 
p(r) í R' 
N "en d= E r ienee 
ow, [, ar) c— r - net charge = Ze 
Solving this equation, we get d- Bes R i 
rR 


The correct option is (b). 


© Example 9 The electric field within the nucleus is generally observed to be 


linearly dependent on r. This implies (JEE 2008) 
(a) a=0 ()a- 3 ()a-R (a) a- 23 
Solution In case of solid sphere of charge of uniform volume p(n) 
density 
1 qg 
me, P r Or r 


Thus, for E to be linearly dependent on r, volume charge density 
should be constant. 


bu (————— ee 


or a=R 
The correct option is (c). 
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Type 5. Based on calculation of electric flux 


Concept 
(1) To find electric flux from any closed surface, direct result of Gauss's theorem can be 
used, 
$- Gin 
£o 


(ii) To find electric flux from an open surface, result of Gauss's theorem and concept of 
symmetry can be used. 
(iii) To find electric flux from a plane surface in uniform electric field, 
o=E-S or ES cos 
can be used. 
(iv) Net electric flux from a closed surface in uniform electric field is always zero. 


© Example 10 The electric field in a region is given by E = aì + bj. Here, a and b 
are constants. Find the net flux passing through a square area of side l parallel to 


y-z plane. 

Solution A square area of side l parallel to y-z plane in vector form can be written as, 
S=Pi 

Given, E=ai+ bj 


.. Electric flux passing through the given area will be, 

o=E-S 

= (ai + bj): (3) 

=a Ans. 

© Example 11 Figure shows an imaginary cube of side a. A E 
uniformly charged rod of length a moves towards right at a OTI 

constant speed v. At t — 0, the right end of the rod just touches the — —v  : 

left face of the cube. Plot a graph between electric flux passing eee 

through the cube versus time. 


Solution The electric flux passing through a closed surface depends on the net charge inside 
the surface. Net charge in this case first increases, reaches a maximum value and finally 
decreases to zero. The same is the case with the electric flux. The electric flux $ versus time 
graph is as shown in figure below. 
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6 Example 12 The electric field in a region is given by E — oxi. Here, a is a 

constant of proper dimensions. Find 

(a) the total flux passing through a cube bounded by the surfaces, x= l, x 2 2l, y 30, y zl 

2z-20,e-l 

(b) the charge contained inside the above cube. 
Solution (a) Electric field is along positive x-direction. 
Therefore, field lines are perpendicular to faces ABCD 
and EFGH. At all other four faces field lines are 


tangential. So, net flux passing through these four faces 
will be zero. 


Flux entering at face ABCD At this face x= l 


E E=ali 
-. Flux entering the cube from this face, 


$, = ES = (a) (P) 2 aP 


Flux leaving the face EFGH At this face x - 2l F 
E=2ali as 
Flux coming out of this face E BE Uo 
à; = ES = Qa) (P) EM. 
= 208 
— GC 
Net flux passing through the cube, —— 
Ore = 0 — >, 22aP — af H 
-aP Ans. 
(b) From Gauss's law, 
= Qin 
net 
£o 
din = (ret ) (Eo) 
-aggP Ans. 
© Example 13 Consider the charge configuration and a spherical ye i 


Gaussian surface as shown in the figure. When calculating the flux / *4 ^ 
of the electric field over the spherical surface, the electric field will ] 
be due to UEE2004) ` ; 
(a) q2 EN 2 
(b) only the positive charges 

(c) all the charges 

(d) + q and - qı 
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Solution At any point over the spherical Gaussian surface, net electric field is the vector sum 
of electric fields due to +q,,— q and qə 


The correct option is (c).. 


Note Don't confuse with the electric flux which is zero (net) passing over the Gaussian surface as the net charge 
enclosing the surface is zero. 


© Example 14 A point charge q is placed on the top of a cone of semi vertex angle 
q(1— cos 0) 


©. Show that the electric flux through the base of the cone is zm 
0 


HOW TO PROCEED This problem can be solved by the method of symmetry. Consider 
a Gaussian surface, a sphere with its centre at the top and radius the slant length of 
the cone. The flux through the whole sphere is q/€,. Therefore, the flux through the 
base of the cone can be calculated by using the following formula, 


_(S) a 
e=(F) Eq 


and S= area of sphere below the base of the cone. 


Here, S, = area of whole sphere 


Solution Let R=slant length of cone = radius of Gaussian sphere 


- S, =area of whole sphere = (4rR?) 
S —- area of sphere below the base of the cone 
= 2nR? (1— cos0) 


-. The desired flux is, o= B eus 
Soj £o 
_ ETR’) (1- cos 0) q 
ATR’) Ej 
_ 7 (1 — cos 8) Pus 
2&5 


Note S =2nR* (1-cos 0) can be calculated by integration. 
At 0-09? S - 2x R? (1— cos 0?) 20 
0 =90°, S =2nR’ (1— cos 90°) = 2x? 
and 90-1805, S - 2x R? (1 — cos 180?) = Ax? 
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Proof 
dS = nr) Rda 
= (nR sin a) Rda asr=Rsina 
= 2nR”) sin a da 
s=| EIR) sina da 


S - 2x R? (1 — cos 0) 


Students are advised to remember this result. 


Type 6. Based on E-r and V-r graphs due to two point charges 


Concept 
(i) R= 4 f: 23 | 
r ANE 4 
and V=t i (due to a point charge) 
pb 


(i) Asr > 0, £—5 œ and V 5 œ 
Asr > «x, E > 0andV > 0 

(iii) Eis a vector quantity. Due to a point charge, its direction is away from the charge and 
due to negative charge it is towards the charge. Along one dimension if one direction is 
taken as positive direction then the other direction is taken as the negative direction. 


—> +ve —> +ve 
- : (+) > > > Ca) 4 -= 
E=-ve E=+ve E=+ve E=-ve 


(iv) Vis a scalar quantity. On both sides of a positive charge it is positive and it is negative 
due to negative charge. 


V=+ve V=+ve V--ve V=-ve 


(v) Between zero and zero value, normally we get either a maximum or minimum value. 


© Example 15 Draw E-r and V -r graphs due to two point charges +q and —2q 
kept at some distance along the line joining these two charges. 
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Solution E-r graph 


E «< +q }> »—{-2q}~< > 
E>0 E+-xiE ++ E+ +x] E> -x E>0 
r0 r0 r0 r0 70 r0 


(I) (Il) (HI) 


In region I E due to +q is towards left (so negative) and E due to -2q is towards right 
(so positive). Near +q, electric field of + q will dominate. So, net value will be negative. At some 
point say P both positive and negative values are equal. So, E p =0. Beyond this point, electric 
field due to -2q will dominate due to its higher magnitude. So, net value will be positive. E p=0 
and £, (towards left) is also zero. Between zero and zero we will get a maximum positive value. 


In region II E due to +q and due to —2q is towards right (so positive). Between the value +œ 
and +œ the graph is as shown in figure. 


In region III E due to +q is towards right (so positive) and E due to —2q is towards left 
(so negative). But electric field of —2q will dominate due to its higher magnitude and lesser 
distance. Hence, net electric field is always negative. 


V-rgraph 


< M *q d -2q > 
V0 V +œ | V— +œ Vo =s V> —oo V0 
r —> œ r—-0 !r—0 rp 'r90 r —> œ 


| 
| I 
| I 
1 I 
The logics developed in E -r graph can also be applied here with V -r graph. At point P, positive 


potential due to +q is equal to negative potential due to -2q. Hence, V, =0, so this point is near 
2q. Same is the case at M. 


Type 7. E-randV-r graphs due to charged spherical shells of negligible thickness 


Concept 
According to Gauss's theorem, 


pg- Pin e- 1 | 


r? ATE 9 
So, only inside charges contribute in the electric field. 


v= “4 


"E = constant (inside the shell) 
kq . 
V = — z constant (outside the shell) 
r 


Here, q is the charge on shell. 
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© Example 16 Draw E-randV-r graphs due to two charged spherical shells as 
shown in figure (along the line between C and œ). 


Solution 
E-rgraph 
—2q 
------------ > o0 
ay j 

I 

I 

I 

I 

l 

I 

| 

| K 

29 

IN FUR 
[| 

jupe >r 
C to P Gn 7-0 > E=0 
At M E= — ( radially outwards, say positive) = E, (say) 
At N M OE. NI (radially outwards) 


E = = 
QR) 4R? 4 
From M to N Value will decrease from E, to L 


AtT paket” 


radially inwards 
OR? ( y ) 


E 
From T toc» Value changes from aos to zero. 


V-r graph 
From C to P Points are lying inside both the shells. Hence, potential due to both shells is 
constant. 
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-.k» _k@q) o 
R 2R 
From M to N Potential of -2q will remain constant but potential of q will decrease. So, net 


value comes out to be negative. At N or T 


y-a Qo) 
2R 2R 
k 
--357-Ve (ay) 


From T toc Value will change from -V, to zero. The correct graph is as shown below. 


> 


Type 8. Based on motion of a charged particle in uniform electric field 


Concept 
(i) In uniform electric field, force on the charged particle is 
F= qE 
or qE force acts in the direction of electric field if q is positive and in the opposite 
direction of electric field if q is negative. 
(ii) Acceleration of the particle is therefore, 
m m 
This acceleration is constant. So, path is therefore either a straight line or parabola. If 


initial velocity is zero or parallel to acceleration or antiparallel to acceleration, then 
path is straight line. Otherwise in all other cases, path is a parabola. 


© Example 17 An electron with a speed of 5.00 x 10° m/s enters an electric field of 
magnitude 10? N/C, travelling along the field lines in the direction that retards its 


motion. 
(a) How far will the electron travel in the field before stopping momentarily? 
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(b) How much time will have elapsed? 

(c) If the region with the electric field is only 8.00 mm long (too short from the electron to 
stop with in it), what fraction of the electron's initial kinetic energy will be lost in that 
region? 

uh um 

2a 2(gElm) 2qE 

|. (9.1x10?)) (6 x 109? 
2x1.6x10 I? x 10? 


Solution (a) s= 


=7.1x10?m=7.1cm Ans. 
u u mu 
t = = 3a, 
(b) a qElm qE 


_ (8.1 x 107°) (6 x 105) 
(1.6 x 10779) (10°) 


=2.84 x 1075s Ans. 
(c) Loss of energy (in fraction) 
- mu? — is mv? 2 
22 2 ups 
P. 2 
= mu 
2 
u?-2as 2as 2qEs 
1 2 ~ 39> 2 
u u mu 


|. 2x16 x10? x 10? x 8x10? 
91 x 10?! x (5 x 109)? 
=0.11 Ans. 


© Example 18 A charged particle of mass m = 1 kg and charge q =2 uC is thrown 
from a horizontal ground at an angle 8 = 45° with speed 20 m/s. In space a 
horizontal electric field E =2 x 10" V/m exist. Find the range on horizontal 


ground of the projectile thrown. 
y 


Solution The path of the particle will be a parabola, but along x-axis — p 
also motion of the particle will be accelerated. Time of flight of the — 
projectile is " 
2u, 2u e 
p- y _ 2 xX 20 cos 45 -2s 
a, g 10 0 


Horizontal range of the particle will be 


R=u,T + ; aT’ 


qE (2x10-°) 2x10’) 
m 1 


=40 m/s? 


Here, Q. 
R= (20 cos 45°) (2/2) + 5 (40) 2/2)” 


=40 + 160 
=200m Ans. 
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Type 9. 7o find potential difference between two points when electric field is known 


Concept 


In Article 24.9, we have already read the relation between Eand V. There we have taken a 
simple case when electric field was uniform. Here, two more cases are possible depending 
on the nature of E. 


When Ehas a Function Like f, (x)i + f; (y)j + fs (z)k 
In this case also, we will use the same approach. Let us take an example. 


© Example 19 Find the potential difference V,, between A (2m, 1m, 0) and 
B (0, 2m, 4m) in an electric field, 
= (xi — 2yj + zk) Vim 
Solution dV =—E-dr 
A (21,0), ^ P ^ A A x 
| dV -— ozs (xi — 2yj + zk)- (dxi + dyj + dzk) 


Va- Vz = MR E 2ydy + zdz) 
š 2121 0) 
or ME 
2 2 jo, 2, 4) 
=3 volt Ans. 


When E. dr becomes a Perfect Differential. 


Same method is used when E: dr becomes a perfect differential. The following example will 
illustrate the theory. 


© Example 20 Find potential difference V sz between AQ, 0,0) and B (1m, 1m, 1m) 
in an electric field (a) E = yi - xj (b) E-3x?yi & x? j 


Solution (a) M a 
is eran (ee 9 yi + x). dad + dy] + dek) 
(0, 0, 
or Va-Vs-- [s (y dx + x dy) 
(0, 0, 0) 
or Vag =- — d (xy) [as y dx - x dy = d (xy)] 
D V=- [ltr 2 p =1V Ans. 
(b) dV -— E: dr 
^ dV =- [P ahy + pe (dri + dyj  dzk 
p: “nay PDA je (dxi + dyj + dzk) 
or Va- Vg = E n ! Gx!ydx + à dy) 
(0, 0, 0) 
=- fao 2€» 


Vag =— [6 y * =1V Ans. 


Gba 
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Type 10. Based on oscillations of a dipole 


Concept 
In uniform electric field, net force on a dipole is zero at all angles. But net torque is zero for 
0 = 0° or 180°. Here, 0 = 0° is the stable equilibrium position and 0 = 180? is unstable 
equilibrium position. If the dipole is released from any angle other than 0° or 180°, it rotates 
towards 0°. In this process electrostatic potential energy of the dipole decreases. But 
rotational kinetic energy increases. At two angles 0; and 0,, we can apply the equation 


Us, + Kg, =U}, + Kg, 


1 


or — pE cos 0, + y loi =- pE cos6; + Io} 


Moreover, if the dipole is displaced from stable equilibrium position (0 = 0?), then it starts 
rotational oscillations. For small value of 0, these oscillations are simple harmonic in 
nature. 


© Example 21 An electric dipole of dipole moment p is placed in a uniform 

electric field E in stable equilibrium position. Its moment of inertia about the 
centroidal axis is I. If it is displaced slightly from its mean position, find the 
period of small oscillations. 
Solution When displaced at an angle 0 from its mean position, the magnitude of restoring 
torque is 

t=- pE sin 0 
For small angular displacement sin 0 = 0 

t-—pE0 


The angular accelerationis @œ@ = - EJ 0-—o?0 


=q +q => 
—— p 
=q 
o 
where, o? pE > 7 2n 2x I Ans. 
I [0] pE 


Type 11. Based on the work done (by external forces) in moving a charge from one point to another 
point 


Concept 
If kinetic energy of the particle is not changed, then 
W=AU =U; -U; =q(V; —V;) or q(AU) 
Here, q is the charge to be displaced and V; and V, are the initial and final potentials. 


Chapter 24 Electrostatics « 187 


6 Example 22 Two identical thin rings, each of radius R, are coaxially placed a 
distance R apart. If Q; and Q, are respectively the charges uniformly spread on 
the two rings, the work done in moving a charge q from the centre of one ring to 


that of the other is (JEE 1992) 
5) Q-Q) (42 - 1) 
(a) zero (b) RC (4ne, B) 
(c) 4539, +O) (d) «(Q, ! Q) NZ +1) VZ (4nesR) 
(4ngg R) 
z E |. 1 Q 1 Q;, . 1 Q» 
Solution Vo 2Vq + Ve, dab B t Ane ET Api H (à. + :] 
Qi Q 
$- p 
ee a 
Similarly, Vo, = z B (e. H 4 
0: 
AV z Va, - Vc, 
=— [e Oia e q)| 
Ane, R 1 ug 2 
..Q  -Q, 
J2 (4n £o R) We a 


W = qAV =q Q, - Q2) (V2 - 1) / 42 (4x eR) 
- The correct option is (b). 


Miscellaneous Examples 


© Example 23 Five point charges each of value + q are placed on five vertices of a 
regular hexagon of side ‘a’ metre. What is the magnitude of the force on a point 
charge of value — q coulomb placed at the centre of the hexagon? 

Solution 
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a2 malim 

r 2 

a=r 

qi = 92 =---=95 =q 


Net force on — q is only due to q} because forces due to q and due to q4 are equal and opposite 
so cancel each other. Similarly, forces due to q, and q; also cancel each other. Hence, the net 
force on — qis 


1  (q)(q) 


FI——. cV (towards qs) 
41£o r^ 
1 2 
or F= oe Ans. 
4T £9 r 


© Example 24 A point charge q; =9.1uC is held fixed at origin. A second point 
charge q, = — 0.42 uC and a mass 3.2 x 10™ kg is placed on the x-axis, 0.96 m 


from the origin. The second point charge is released at rest. What is its speed 
when it is 0.24 m from the origin? 
Solution From conservation of mechanical energy, we have 


Decrease in electrostatic potential energy - Increase in kinetic energy 


1 1 1 
or m? =U, U; = 9192 
2 AT Eo; m 


-n9 |7- 
4n £9 V mr, 


pc poids pipe 
2n Eon | mr, 
E ie x10-5) (— 0.42 x 109) x 2 x 9 x 10? | 0.24 — 0.96 | 


3.2 x107* (0.24) (0.96) 
— 26 m/s Ans. 


© Example 25 A point charge q; =— 5.8 uC is held stationary at the origin. A 
second point charge q, = + 4.3 uC moves from the point (0.26 m, 0,0) to 
(0.38 m, 0,0). How much work is done by the electric force on q3? 
Solution Work done by the electrostatic forces = U; — U; 


zs T cm 
AT £9 ln m 


. 192 |i 
AN £9 | rn ry 
_ (- 5.8x10 9) (4.3 x 105) (9 x 10°) (0.38 — 0.26) 


(0.38) (0.26) 
=— 0.272 J Ans. 
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© Example 26 A uniformly charged thin ring has radius 10.0 cm and total charge 
t 12.0 uC. An electron is placed on the ring's axis a distance 25.0 cm from the 
centre of the ring and is constrained to stay on the axis of the ring. The electron is 
then released from rest. 
(a) describe the subsequent motion of the electron. 
(b) find the speed of the electron when it reaches the centre of the ring. 


Solution (a) The electron will be attracted towards the centre C of the ring. At C net force is 
zero, but on reaching C, electron has some kinetic energy and due to inertia it crosses C, but on 
the other side it is further attracted towards C. Hence, motion of electron is oscillatory about 
point C. 


(b) As the electron approaches C, its speed (hence, kinetic energy) increases due to force of 
attraction towards the centre C. This increase in kinetic energy is at the cost of electrostatic 
potential energy. Thus, 


E mv? = U; = U; 
2 
=Up —Uc = (- e) [Vp - Vc] ...Q) 
Here, V is the potential due to ring. 
Vp = NY (g = charge on ring) 
4T £o r 


(9 x10?) 12 x10?) 


-401V 
(0? + 95) x 10? 
1 q 
ve E 
P 4ne, R 
9 -9 
| @x10 ) 02 x 10 T nV 
10x10 


Substituting the proper values in Eq. (1), we have 


; x9.1 x 10?! x v = (- 1.6 x 10719) (401 — 1080) 


v 215.45 x 10? m/s Ans. 


6 Example 27 Two points A and B are 2 cm apart and a uniform electric field E 
acts along the straight line AB directed from A to B with E 2 200 N/C. A particle 
of charge + 10 C is taken from A to B along AB. Calculate 
(a) the force on the charge 
(b) the potential difference V4 — Vg and 
(c) the work done on the charge by E 
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Solution (a) Electrostatic force on the charge, 
F = qE = (105) (200) 


=2x10“ N 
(b) In uniform electric field, 
PD, V=E-d 
or V,— Vp =200 x2 x 107 
=4V 


(c) W=(2 x10) (2 x 10?) cos 0° 
=4x10° J 


Ans. 


Ans. 


Ans. 


© Example 28 An alpha particle with kinetic energy 10 MeV is heading towards a 


stationary tin nucleus of atomic number 50. Calculate the distance of closest 


approach. Initially they were far apart. 


Solution Due to repulsion by the tin nucleus, the kinetic energy of the a-particle gradually 


decreases at the expense of electrostatic potential energy. 


Boss 9 sy 
k— 
Decrease in kinetic energy = increase in potential energy 
or Ln =U, - U; 
2 
or l m=. UG og 
2 4n£o r 
..1 Qe) 60e) 
ANE, (KE) 


Substituting the values, 
20x 10°) @ x 1.6 x 1019) (1.6 x 107? x 50) 


10 x109 x1.6 x 1071? 
2144 x10? m 


Ans. 


6 Example 29 Three point charges of 1 C,2 C and 3 C are placed at the corners of 


an equilateral triangle of side 1 m. Calculate the work required to move these 
charges to the corners of a smaller equilateral triangle of side 0.5 m. 


Solution Work done =U; —U; 


1 1 1 
- — —— [4392 + 4341 + qq] 
An eg ly R 


_ əf 1 1 
=9x10 (os 7] BOD + (1) + 2)()] 


=99x10° J 


Ans. 


Note Work done by electrostatic forces is U; — U; but work done by external forces is U; — U;. Sometimes in a 


simple way it is asked, find the work done. It means U, — U;. 
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© Example 30 Consider a spherical surface of radius 4 m centred at the origin. 
Point charges + q and — 2q are fixed at points A ( 2 m, 0, 0) and B (8 m, 0, 0) 
respectively. Show that every point on the spherical surface is at zero potential. 
Solution Let P (x, y, z) be any point on the sphere. From the property of the sphere, 
e+ y! 4 27 = (42) =16 . i) 


Further, PA=J(x—2)? + +2 ...(ii) 
and ps 8y.y.;Z ...(ii1) 


v Ri 
PA 


2q 
EU Je- 2 +yz a 


2q 
zs 416 + T 4x 416 64— = 


2q 
Em T +2°4+4-Ax Je + y?+ z2? +64- 16x 


q 
E TE 4x  420- z 
Proved 
6 Example 31 The intensity of an electric field depends only on the coordinates x 
and y as follows 
E-2 z i+ } ) 
x+y 
where, a is a constant and i and j are the unit vectors of the x and y-axes. Find the 


charge within a sphere of radius R with the centre at the origin. 


Solution At any point P (x, y, z) on the sphere a unit vector 
perpendicular to the sphere radially outwards is 


^ x ^ y ^ Zz 


n= + j^ k 
(etree Jett firs y? 4 2? 
= i424 2k as +y zR 
R R R 


Let us find the electric flux passing through a small area dS at 
point P on the sphere, 


2 2 
is ax ay 
dó =E- ñ dS = i dS 
tom ins zx 
-[Z) as 
R 
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Here, we note that d$ is independent of the coordinates x, y and z. Therefore, total flux passing 
through the sphere 


e-[de- [as (5) (TR?) 


=4raR 
From Gauss's law, 
o= Gin or (4zaR)- Gin 
Eo £o 
Gin —-4n£gaR Ans. 


6 Example 32 Find the electric field caused by a disc of radius a with a uniform 
surface charge density o (charge per unit area), at a point along the axis of the 
disc a distance x from its centre. 

Solution We can assume this charge distribution as a collection of concentric rings of charge. 


dA = 27r) dr 
dq —- 6 dA = (2xor) dr 
dg, - lo. (dex 


3/2 x P dE, 


Amey (x? +r?) 
-( 1 eee { 


ANE 9 (c? t riy? 


E, =| ‘dE, 


= ji ror dr) x 


04T Ey (x? + jy 


_ Ox [ r dr 
2e, !0 (x? + py? 


1 


H= 1 
or x 
2€ | yate + | 


If the charge distribution gets very large, i.e. a >> x, the term 


1 ee 

——— ——— becomes negligibly 
2,2 
yak 1 
small, and we get E = E 
£9 

Thus, we can say that electric field produced by an infinite plane sheet of charge is independent 
of the distance from the sheet. Thus, the field is uniform, its direction is everywhere 
perpendicular to the sheet. 


© Example 33 A non-conducting disc of radius a and uniform positive surface 
charge density o is placed on the ground with its axis vertical. A particle of mass 
m and positive charge q is dropped, along the axis of the disc from a height H 
with zero initial velocity. The particle has q/m = 4e, g/o. 
(a) Find the value of H if the particle just reaches the disc. 
(b) Sketch the potential energy of the particle as a function of its height and find its 
equilibrium position. 
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Solution Potential at a height H on the axis of the disc V(P). The P (q, m) 
charge dq contained in the ring shown in figure, dq = (2nrdr)o 


Potential of P due to this ring 


V= 1 88 where x J H? +r? 


= 4R£9 xX 
_ 1 @rrdr)o_ o rdr 
ATE H+ r? 2&5 H+ r? 


dV 


Potential due to the complete disc, 


r=a Oo [rea rdr 
Vp = dV 
n p 2£9 Las IH? + r? 
VW =< Wa? + H? - H] 
2£9 
Potential at centre, O will be 
Vo (H =0) 
2£9 


(a) Particle is released from P and it just reaches point O. Therefore, from conservation of 
mechanical energy 
decrease in gravitational potential energy = increase in electrostatic potential energy 


(A KE=0 because K; = K; =0) 
mgH =q [Vo — Vp] 


or et -(2)[ 2 | [a — Ja? + H? + H] ...(i) 


mj \ 2&5 


q _ 4&8 p 1:89 =2g 
m o 2£gm 


gH -2g [a + H — Ja? + H?) n 
or = (a+ H)- fas E 


Substituting in Eq. (i), we get 


or PORE ara 
2 
H? 
or a” + H” =a? + ——+ aH 
3 2 4 
or — H^-aH or H=—a and H -0 
4 3 
H =(4/3)a Ans. 


(b) Potential energy of the particle at height H = Electrostatic potential energy 
+ gravitational potential energy 


E U 2 qV +mgH 
Here, V = Potential at height H 


U - 99 (fa? + H? — H] + mgH ...(ii) 


Eo 
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At equilibrium position, F =——=0 


Differentiating Eq. (ii) w.r.t. H, 


oq |(1 1 
} 2H 1/=0 
E be zB — | 


or 14 2H 2=0 > zd =1 
je +H? Je? +H? 
2 
or ee or 3H?-a? 
a +H 4 
or =^ 
43 
From Eq. (ii), we can see that 
U =2 mga at H =Oand 
U =U nin = 48 mga at H =~ 
V3 2mga 
Therefore, U-H graph will be as shown. 
Note that at H = : ,U 1s minimum. V3mga 


V3 
Therefore, H = 5 is stable equilibrium position. 


Ans. 


al3 


IY 


© Example 34 Four point charges +8 uC, — 1uC, —1uC and + 8 uC are fixed at 


the points —42'7/2 m, — 43/2 m, + 43/2 m and + 427/2 m respectively on the 


Y-axis. A particle of mass 6 x 10^ kg and charge +0.1uC moves along the -X 


direction. Its speed at x = + œ is Ug. Find the least value of vy for which the 
particle will cross the origin. Find also the hinetic energy of the particle at the 


origin. Assume that space is gravity free. 
Solution In the figure, y 
qg-1uC-10 °C 


7 V27/2m B 
qo =+0.1pC =107C 
m 26x10 kg N3/2 m A 
and Q-8yuC =8x10°C ò 
Let P be any point at a distance x from origin O. 
Then, -V3/2m C 
3 
AP =CP= |= +2? -427/2 m D 
9T s 


BP = DP = 2E 
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Electric potential at point P will be 


_2kQ _ 2kg 
BP AP 
where, k-2—L. 29x10? NmJ/C? 
4T£o 
-6 -6 
V =2x9 x10922 A 
297 5 P 3 
— + -+x 
2 2 
V =1.8x104 2 1 0) 
27 g E 5 
— +g —+x 
2 2 
-~ Electric field at P is 


| dV. à PSY. a) 75 irs a 


E =0 on x-axis where 


8 _ 1 
3/2 3/2 
ETEA 
2 2 
v ay? i 1 
3/2 3/2 
e + x) (5 + x) 
2 2 
=> (2, SERES 
2 2 
This equation gives x= a m 


The least value of kinetic energy of the particle at infinity should be enough to take the particle 


upto x=+ E m because 


5 ; ; 
at x=4 E m, E-0 = Electrostatic force on charge qg is zero or F, =0 
5 ; ; sa i 
for x> 3 m, Eis repulsive (towards positive x-axis) 
and for x < E m, Eis attractive (towards negative x-axis) 


Now, from Eq. (i), potential at x= : m 


5 3 
+ — -+> 
2 2 
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Applying energy conservation at x= œ and x= = m 
1... , 
^ mug = qgV si) 


ns Ea 


2x107 x2.7x 104 
Up = =A 
6x10 


Substituting the values, 


Up =3 m/s Ans. 
Minimum value of up is 3 m/s. 


From Eq. (i), potential at origin (x =0) is 


V, 21.8 x 10* -8 db d esssdgí 
ra 
2 2 
Let T' be the kinetic energy of the particle at origin. 
Applying energy conservation at x 2 0 and at x = œ% 
T + qgVo = imi 
But, mu = qoV [ from Eq. (ii)] 
T =q (V - Vo) 
T = 1077) 2.7 x10* — 2.4 x 105) 
T -3x10*J Ans. 


Note E=0 or F, on qo is zero at x 0 and x2 t a m. Of these x 20 is stable equilibrium position and 


K= E m is unstable equilibrium position. 


Exercises 


LEVEL 1 


Assertion and Reason 


Directions: Choose the correct option. 

(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 

(d) If Assertion is false but the Reason is true. 


1. Assertion: An independent negative charge moves itself from point A to point B. Then, 
potential at A should be less than potential at B. 


Reason: While moving from Ato B kinetic energy of electron will increase. 


2. Assertion: When two unlike charges are brought nearer, their electrostatic potential 
energy decreases. 


Reason: Allconservative forces act in the direction of decreasing potential energy. 


3. Assertion: At a point electric potential is decreasing along x-axis at a rate of 10 V/m. 
Therefore, x-component of electric field at this point should be 10 V/m along x-axis. 


Reason: Magnitude of E, = a 
x 


4. Assertion: Electric potential on the surface of a charged sphere of radius R is V. Then 
electric field at a distance r = P from centre is oR Charge is distributed uniformly over the 
volume. 


Reason: From centre to surface, electric field varies linearly with r. Here, r is distance from 
centre. 


5. Assertion: Gauss’s theorem can be applied only for a closed surface. 
Reason: Electric flux can be obtained passing from an open surface also. 


6. Assertion: In the electric field E = (4i + 4j) N/C, electric potential at A(4 m, 0) is more than 
the electric potential at B(0, 4 m). 


Reason: Electric lines of forces always travel from higher potential to lower potential. 


7. Assertion: Two charges - q each are fixed at points A and B. When a third charge - q is 
moved from A to B, electrical potential energy first decreases than increases. 


A B 


Reason: Along the line joining A and B, the third charge is in stable equilibrium position at 
centre. 


198 © Electricity and Magnetism 


8. Assertion: A small electric dipole is moved translationally from higher potential to lower 
potential in uniform electric field. Work done by electric field is positive. 
Reason: When a positive charge is moved from higher potential to lower potential, work 
done by electric field is positive. 


9. Assertion: Incase of charged spherical shells, E-r graph is discontinuous while V-r graph is 
continuous. 


Reason: According to Gauss’s theorem only the charge inside a closed surface can produce 
electric field at some point. 


10. Assertion: If we see along the axis of a charged ring, the magnitude of electric field is 
minimum at centre and magnitude of electric potential is maximum. 


Reason: Electric field is a vector quantity while electric potential is scalar. 


Objective Questions 


1. Units of electric flux are 


N-m? N 
(a) c (b) Ga 
(c) volt-m (d) volt- m? 


2. A neutral pendulum oscillates in a uniform electric field as shown in figure. If a positive charge 
1s given to the pendulum, then its time period 


(a) will increase (b) will decrease 
(c) will remain constant (d) will first increase then decrease 


3. Identify the correct statement about the charges q, and qə, then 


E 


(a) qı and qs both are positive (b) g, and q, both are negative 
(c) q is positive gy is negative (d) qis positive and q; is negative 
4. Three identical charges are placed at corners of an equilateral triangle of side /. If force 
between any two charges is F, the work required to double the dimensions of triangle is 
(a) -3 Fl (b) 3 FI 
(c) C3/2) FI (d) (8/2) Fl 


10. 


11. 


12. 
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. À proton, a deuteron and an alpha particle are accelerated through potentials of V, 2 V and 4 V 


respectively. Their velocity will bear a ratio 
(a) 1:1:1 (b) 1:42 :1 
(c) 42:1:1 (d) 1:1:v2 


. Electric potential at a point P,r distance away due to a point charge q kept at point Ais V. If 


twice of this charge 1s distributed uniformly on the surface of a hollow sphere of radius 4r with 
centre at point A, the potential at P now is 

(a) V (b) V2 

(c) VA (d) V/8 


Four charges +q,- q,4 q and- q are placed in order on the four consecutive corners of a square 
of side a. The work done in interchanging the positions of any two neighbouring charges of the 
opposite sign is 


2 2 

(a) —— (-44 48) (b) —2— (4 « 2/2) 
ANE a 4n1£,Q 
2 2 

(c) —2— (4 - 242) (d) —2—— 4+ 42) 
4T£gQ 4ne 9a 


. Two concentric spheres of radii R and 2R are charged. The inner sphere has a charge of 1uC 


and the outer sphere has a charge of 2 uCof the same sign. The potential is 9000 V at a distance 
3R from the common centre. The value of R is 


(a) 1m (b) 2m 
(c) 3m (d) 4m 
A ring of radius R is having two charges q and 2q distributed on its two half parts. The electric 
potential at a point on its axis at a distance of 242 R from its centre is | k= A 1 
3kq kq 
(a) R (b) 3R 
kq kq 
Mani d) ——— 
(c) R (d) JR 


A particle A having a charge of 2.0x 10 C and a mass of 100 g is fixed at the bottom of a 
smooth inclined plane of inclination 30°. Where should another particle B having same charge 
and mass, be placed on the inclined plane so that B may remain in equilibrium? 

(a) 8 cm from the bottom (b) 13 cm from the bottom 

(c) 21 cm from the bottom (d) 27 cm from the bottom 


Four positive charges (24/2 - 1) Q are arranged at the four corners of a square. Another charge 
qis placed at the centre of the square. Resulting force acting on each corner charge is zero if q is 


7Q AQ 
(a) ER (b) 7 
(o) -Q (d - V2 41)Q 


A proton is released from rest, 10 cm from a charged sheet carrying charged density of 
- 2.21 x 10 ?C/ m°. It will strike the sheet after the time (approximately) 


(a) 4us (b) 2us 
(c) 242 us (d) 44/2 us 
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13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


Two point charges +q and -q are placed a distance x apart. A third charge is so placed that all 
the three charges are in equilibrium. Then, 

(a) unknown charge is —4q/9 

(b) unknown charge is — 99/4 

(c) it should be at (x/3) from smaller charge between them 

(d) None of the above 


Charges 2q and - q are placed at (a, 0) and (-a,0) as shown in the y 
figure. The coordinates of the point at which electric field intensity is 

zero will be (x, 0), where 

(a) -a<x<a (b) x«-a - 

(c) x>-a (d) 0«x«a 


*2q 


Five point charges (+ q each) are placed at the five vertices of a regular hexagon of side 2a. 
What 1s the magnitude of the net electric field at the centre of the hexagon? 


1 q q 
a > E c 
(a) 4n£, a” H 16n£,a* 
Ba dye 
4n£ga? 16n£a? 


Two identical small conducting spheres having unequal positive charges q, and q, are 
separated by a distancer. If they are now made to touch each other and then separated again to 
the same distance, the electrostatic force between them in this case will be 

(a) less than before (b) same as before 

(c) more than before (d) zero 


Three concentric conducting spherical shells carry charges + 4Q on the inner shell - 2Q on the 
middle shell and + 6Q on the outer shell. The charge on the inner surface of the outer shell is 

(a) 0 (b) 4Q 

(c) -Q (d -2Q 

1000 drops of same size are charged to a potential of 1 V each. If they coalesce to form a single 
drop, its potential would be 

(a) V (b) 10V 

(c) 100 V (d) 1000 V 

Two concentric conducting spheres of radii Rand 2R are carrying 
charges Q and - 2Q, respectively. If the charge on inner sphere is 
doubled, the potential difference between the two spheres will 

(a) become two times 

(b) become four times 

(c) be halved 

(d) remain same 


Charges Q, 2Q and — Q are given to three concentric conducting spherical 
shells A, B and C respectively as shown in figure. The ratio of charges on 


the inner and outer surfaces of shell C will be 
3 -8 B |C 
(a) + A (b) — 


3 -8 
(c) 2 (d) E 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


Chapter 24 Electrostatics « 201 


The electric field in a region of space is given by E= 5i + 2j N/C. The flux of Edue to this field 
through an area 1 m? lying in the y-z plane, in SI units, is 

(a) 5 (b) 10 

(c) 2 (d) 5/29 

A charge Q is placed at each of the two opposite corners of a square. A charge q is placed at each 
of the other two corners. If the resultant force on each charge q is zero, then 


(a) q=V2Q (b q=-V2Q 
(©) q-242Q (d q--2/2Q 
A and Bare two concentric spherical shells. If Ais given a charge + q while 
Bis earthed as shown in figure, then 
(a) charge on the outer surface of shell Bis zero 
(b) the charge on B is equal and opposite to that of A 
(c) the field inside A and outside B is zero 
(d) All of the above 
A solid sphere of radius R has charge ‘g’ uniformly distributed over its volume. The distance 
from its surface at which the electrostatic potential is equal to half of the potential at the centre 
is 
(a) R (b) 2R 
R R 
c) — dics 
(c) E (d) 7 


Four dipoles each of magnitudes of charges + e are placed inside a sphere. The total flux of E 
coming out of the sphere is 


(a) zero (b) = 
£o 


(c) x (d) None of these 
Eo 


A pendulum bob of mass m carrying a charge q is at rest with its string making an angle 9 with 
the vertical in a uniform horizontal electric field E. The tension in the string is 


(d) ZE (b) mg 
sin 0 
qE qE 
©) sin 0 () cos 0 


Two isolated charged conducting spheres of radii a and b produce the same electric field near 
their surfaces. The ratio of electric potentials on their surfaces is 


a b 
(a) b (b) m 
a? b? 
(c) p2 (d) a 


Two point charges + q and - q are held fixed at (- a, 0) and (a, 0) respectively of a x-y coordinate 
system, then 

(a) the electric field E at all points on the x-axis has the same direction 

(b) Eat all points on the y-axis is along i 

(c) positive work is done in bringing a test charge from infinity to the origin 

(d) All of the above 
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29. 


30. 


31. 


32. 


33. 


34. 


35. 


A conducting shell S, having a charge @ is surrounded by an uncharged concentric conducting 
spherical shell S,. Let the potential difference between S, and that S, be V. If the shell S, is 
now given a charge — 3Q, the new potential difference between the same two shells is 

(a) V (b 2 V 

(c) 4V (d) -2V 

At a certain distance from a point charge, the field intensity 1s 500 V/m and the potential is 
— 3000 V. The distance to the charge and the magnitude of the charge respectively are 

(a) 6m and 6uC (b) 4m and 2 uC 

(c) 6 m and 4uC (d) 6m and 2 uC 


Two point charges q, and qs are placed at a distance of 50 m from each other in air, and interact 
with a certain force. The same charges are now put in oil whose relative permittivity is 5. If the 
interacting force between them is still the same, their separation now 1s 

(a) 16.6 m (b) 22.3 m 

(c) 28.4 m (d) 25.0 cm 


An infinite line of charge A per unit length is placed along the y-axis. The work done in moving 
a charge q from A(a, 0) to B(2a, 0) is 


qÀ qÀ 1 
ln 2 = 
(a) 2T Eq . e» 2T Eq (3 
(c) “nv (à m2 
T £o 4T £o 


An electric dipole is placed perpendicular to an infinite line of charge at some 
distance as shown in figure. Identify the correct statement. 

(a) The dipole is attracted towards the line charge 

(b) The dipole is repelled away from the line charge 

(c) The dipole does not experience a force 

(d) The dipole experiences a force as well as a torque 


An electrical charge 2 x 10 ?Cis placed at the point (1, 2, 4) m. At the point (4, 2, 0) m, 
the electric 

(a) potential will be 36 V 

(b) field will be along y-axis 

(c) field will increase if the space between the points is filled with a dielectric 

(d) All of the above 


—p 


rr 


If the potential at the centre of a uniformly charged hollow sphere of radius Ris V, then electric 
field at a distance r from the centre of sphere will be (r » R) 


r 


ij E oo) V o VE () 
r r Rr 


36. 


37. 


38. 


39. 


Chapter 24 Electrostatics « 203 


There is an electric field E in x-direction. If the work done on moving a charge of 0.2 C through a 
distance of 2 m along a line making an angle 60? with x-axis is 4 J, then what is the value of E? 
(a) 483 N/C (b) 4 N/C 

(c) 5 N/C (d) 20 N/C 


Two thin wire rings each having radius R are placed at a distance d apart with their axes 
coinciding. The charges on the two rings are + Q and - Q. The potential difference between the 
centres of the two rings is 


Q 1 1 
me MEE mz 
Q Q |1 1 

d 
i 4n£gd? e 2n; | R | R24 =| 


The electric field at a distance 2 cm from the centre of a hollow spherical conducting shell of 
radius 4 cm having a charge of 2x 10 ?Con its surface is 


(a) 1.1 x 10? V/m (b) 4.5 x 10? V/m 

(c) 4.5 x 10? V/m (d) zero 

Charge Qis given a displacement r = ai + bj in an electric field E = Ei + Ej. The work done is 
(a) Q(E,a + Eb) (b) QJ (Ea) + (Eb) 


© QU, + Ej) Ja? 0 (@) QEL« E? a+ 0 


Subjective Questions 


Note You can take approximations in the answers. 


1. 


A certain charge Q 1s divided into two parts q and Q - q, which are then separated by a certain 
distance. What must q be in terms of Q to maximize the electrostatic repulsion between the two 
charges? 


. Ana-particle is the nucleus of a helium atom. It has a mass m = 6.64 x 10” kg and a charge 


q=+2e=3.2x10'* C. Compare the force of the electric repulsion between two a-particles 
with the force of gravitational attraction between them. 


. What is the charge per unit area in C/ m? of an infinite plane sheet of charge if the electric field 


produced by the sheet of charge has magnitude 3.0 N/C? 


A circular wire loop of radius R carries a total charge q distributed uniformly over its length. A 
small length x («« R) of the wire 1s cut off. Find the electric field at the centre due to the 
remaining wire. 


. Two identical conducting spheres, fixed in space, attract each other with an electrostatic force 


of 0.108 N when separated by 50.0 cm, centre-to-centre. A thin conducting wire then connects 
the spheres. When the wire 1s removed, the spheres repel each other with an electrostatic force 
of 0.0360 N. What were the initial charges on the spheres? 


. Show that the torque on an electric dipole placed in a uniform electric field 1s 


t=pxE 


independent of the origin about which torque is calculated. 
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T. 


Three point charges q,— 2q and q are located along the x-axis as T 
shown in figure. Show that the electric field at P (y >> a) along the P 
y-axis is, 
1 3qa? ^ i 
ds 4ne, y* gus S " 
0 Y 3 a5 5 x 


Note This charge distribution which is essentially that of two electric dipoles is called an electric quadrupole. Note 


8. 


9. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


that E varies as F ^ for a quadrupole compared with variations of r- ? for the dipole and r~ ° for a monopole 
(a single charge). 
A charge q is placed at point D of the cube. Find the electric flux passing through the face 


EFGH and face AEHD. 
B F 


D H 


Point charges q; and qs lie on the x-axis at points x = — a and x= + a respectively. 

(a) How must q, and qə be related for the net electrostatic force on point charge + Q, placed at 
x= + a/2,to be zero? 

(b) With the same point charge +Q now placed at x = + 3a/2. 


Two particles (free to move) with charges +q and +4q are a distance L apart. A third charge is 
placed so that the entire system is in equilibrium. 

(a) Find the location, magnitude and sign of the third charge. 

(b) Show that the equilibrium is unstable. 

Two identical beads each have a mass m and charge q. When placed in a hemispherical bowl of 


radius R with frictionless, non-conducting walls, the beads move, and at equilibrium they area 
distance R apart (figure). Determine the charge on each bead. 


Three identical small balls, each of mass 0.1 g, are suspended at one point on silk thread 
having a length of l = 20cm. What charges should be imparted to the balls for each thread to 
form an angle of à = 30° with the vertical? 


Three charges, each equal to q, are placed at the three corners of a square of side a. Find the 
electric field at fourth corner. 


A point charge q = — 8.0 nC is located at the origin. Find the electric field vector at the point 
x=12m,y=-1.6m. 


Find the electric field at the centre of a uniformly charged semicircular ring of radius R. Linear 
charge density is À. 


Find the electric field at a point Pon the perpendicular bisector of a uniformly charged rod. The 
length of the rod is L, the charge on it is Q and the distance of P from the centre of the rod is a. 
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17. Find the direction of electric field at point P for the charge distribution as shown in figure. 
y y y 

| t | 

*Q -Q 


>X 


-Q 


TU 


>X 


ED +Q +Q 
| | 

(a) (b) (c) 
18. A clock face has charges -q,- 2q,- 3q,...-12q fixed at the position of the corresponding 


numerals on the dial. The clock hands do not disturb the net field due to point charges. At what 
time does the hour hand point in the direction of the electric field at the centre of the dial. 


19. A charged particle of mass m = 1 kg and charge q = 2uCis thrown from a horizontal ground at 
an angle 0 = 45? with the speed 25 m/s. In space, a horizontal electric field E = 2x 10’ V/m 
exists 1n the direction of motion. Find the range on horizontal ground of the projectile thrown. 
Take g = 10 m/s”. 


20. Protons are projected with an initial speed v; = 9.55 x 10? m/s into a region where a uniform 


electric field E = (—720 j) N/Cis present, as shown in figure. The protons are to hit a target that 
lies at a horizontal distance of 1.27 mm from the point where the protons are launched. Find 


Proton Ng 
beam ^ 


(a) the two projection angles 0 that result in a hit and 
(b) the total time of flight for each trajectory. 


21. At some instant the velocity components of an electron moving between two charged parallel 
plates are v, = 1.5x 10° m/s and v, = 3.0 x 10° m/s. Suppose that the electric field between the 
plates is given by E = (120 N/C) j. 

(a) What is the acceleration of the electron? 
(b) What will be the velocity of the electron after its x-coordinate has changed by 2.0 cm? 
22. A point charge qı = + 2uCis placed at the origin of coordinates. A second charge, q =— 3uC,is 


placed on the x-axis at x= 100cm. At what point (or points) on the x-axis will the absolute 
potential be zero? 


100 cm 
€ e X 
q4 q2 
23. A charge Q is spread uniformly in the form of a line charge density X = it on the sides of an 
a 


equilateral triangle of perimeter 3a. Calculate the potential at the centroid C of the triangle. 
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24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


A uniform electric field of magnitude 250 V/m is directed in the positive x-direction. A+ 12uC 
charge moves from the origin to the point (x, y) = (20.0 cm, 5.0 cm). 

(a) What was the change in the potential energy of this charge? 

(b) Through what potential difference did the charge move? 


A small particle has charge —5.00 uC and mass 2.00 x 10 *kg. It moves from point A, where the 
electric potential is V4 = + 200 V, to point B, where the electric potential is Vg = + 800 V. The 
electric force is the only force acting on the particle. The particle has speed 5.00 m/s at point A. 
What is its speed at point B? Is it moving faster or slower at B than at A? Explain. 


+Q uniformly distributed along one-quarter of its circumference and a negative 
charge of —-6Q uniformly distributed along the rest of the circumference 


(figure). With V = 0 at infinity, what is the electric potential -6Q 
(a) at the centre C of the circle and (A 


(b) at point P, which is on the central axis of the circle at distance z from the centre? 
+Q 


A plastic rod has been formed into a circle of radius R. It has a positive charge P i 
zZ 


A point charge q =+ 2.40uC is held stationary at the origin. A second point charge 
do = — 4.30 uC moves from the point x = 0.150 m, y = 0 to the point x= 0.250 m, y = 0.250 m. 
How much work is done by the electric force on q3? 


A point charge q; = 4.00 nC is placed at the origin, and a second point charge q = — 3.00 nCis 
placed on the x-axis at x = + 20.0 cm. A third point charge q = 2.00 nC is placed on the x-axis 
between q; and qs. (Take as zero the potential energy of the three charges when they are 
infinitely far apart). 

(a) What is the potential energy of the system of the three charges if q is placed at x = + 10.0 cm? 
(b) Where should q; be placed to make the potential energy of the system equal to zero? 


Three point charges, which initially are infinitely far apart, are placed at the corners of an 
equilateral triangle with sides d. Two of the point charges are identical and have charge q. If 
zero net work 1s required to place the three charges at the corners of the triangles, what must 
the value of the third charge be? 


The electric field in a certain region is given by E= (5i - 3p kV/m . Find the difference in 
potential Vp — V4. If A is at the origin and point B is at (a) (0, 0, 5) m, (b) (4, 0, 3) m. 

In a certain region of space, the electric field is along +y-direction and has a magnitude of 
400 V/ m . What 1s the potential difference from the coordinate origin to the following points? 
(a) x20, y=20 cm, z=0 (b) x20, y=-30cm, z=0 

(c) x20, y=0,z=15cm 

An electric field of 20 N/C exists along the x-axis in space. Calculate the potential difference 
Vg - V4 where the points A and B are given by 

(a) A2 (0,0, B2 (4 m,2 m) (b A=(4m,2 m), B 2» (6 m,5 m) 

The electric potential existing in space is V(x, y, z) 2 A(xy + yz + zx). 

(a) Write the dimensional formula of A. 

(b) Find the expression for the electric field. 

(c) IfA is 10 SI units, find the magnitude of the electric field at (1 m, 1 m, 1m) 


An electric field E = (201 + 30 5) N/C exists in the space. If the potential at the origin is taken to 
be zero, find the potential at (2 m, 2 m). 


35. 


36. 


37. 


38. 


39. 


40. 


41. 
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In a certain region of space, the electric potential is V (x, y,z) = Axy — Bx? + Cy, where A, B 

and C are positive constants. 

(a) Calculate the x, y and z- components of the electric field. 

(b) At which points is the electric field equal to zero? 

A sphere centered at the origin has radius 0.200 m. A—500uC point charge is on the x-axis at 

x = 0.300 m. The net flux through the sphere is 360 N-m?/ C. What is the total charge inside the 

sphere? 

(a) A closed surface encloses a net charge of —3.60 uC. What is the net electric flux through the 
surface? 

(b) The electric flux through a closed surface is found to be 780 N-m?/C. What quantity of charge is 
enclosed by the surface? 


(c) The closed surface in part (b) is a cube with sides of length 2.50 cm. From the information given 
in part (b), is it possible to tell where within the cube the charge is located? Explain. 


The electric field in a region is given by E= : Ej + = Aj with E, = 2.0 x 10? N/C. Find the flux 
of this field through a rectangular surface of area 0.2 m? parallel to the y-z plane. 


The electric field in a region is given by E= i i. Find the charge contained inside a cubical 


volume bounded by the surfaces x = 0, x = a, y 20, y = a, z = Qand z = a. Take Ep = 5x 10? N/C, 


l=2cmanda=1cm. 


A point charge Q 1s located on the axis of a disc of radius R at a distance b from the plane of the 
disc (figure). Show that if one-fourth of the electric flux from the charge passes through the 
disc, then R = 43 b. 


A cube has sides of length L. It is placed with one corner at the origin as shown in figure. The 
electric field is uniform and given by E=- Bi+Cj- Dk, where B,C and D are positive 
constants. 
Z 
S2 (top) 
Sg (back) 


S, (left side) S3 (right side) 


L 


=y 


L 
X Ss (front) S4 (bottom) 
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42. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


(a) Find the electric flux through each of the six cube faces S, S2, $5, S4, S; and Ss. 
(b) Find the electric flux through the entire cube. 


Two point charges q and -q are separated by a distance 2/. Find the flux of electric field 
strength vector across the circle of radius R placed with its centre coinciding with the mid-point 
of line joining the two charges in the perpendicular plane. 


A point charge q is placed at the origin. Calculate the electric flux through the open 
hemispherical surface : (x - a? + y? + z?2- a?,x2 a 


A charge Q is distributed over two concentric hollow spheres of radii r and R (> r) such that the 
surface charge densities are equal. Find the potential at the common centre. 


A charge qo is distributed uniformly on a ring of radius R. A sphere of equal radius R is 
constructed with its centre on the circumference of the ring. Find the electric flux through the 
surface of the sphere. 


Two concentric conducting shells A and B are of radii R and 2R. A charge + q is placed at the 
centre of the shells. Shell B is earthed and a charge q is given to shell A. Find the charge on 
outer surface of A and B. 


Three concentric metallic shells A, B and C of radii a, b and c(a< b« c) have surface charge 
densities, 0, — o and o respectively. 


(a) Find the potentials of three shells A, B and C. 

(b) It is found that no work is required to bring a charge q from shell A to shell C, then obtain the 
relation between the radii a, b and c. 

A charge Q is placed at the centre of an uncharged, hollow metallic sphere of radius a, 

(a) Find the surface charge density on the inner surface and on the outer surface. 

(b) If a charge q is put on the sphere, what would be the surface charge densities on the inner and 
the outer surfaces? 

(c) Find the electric field inside the sphere at a distance x from the centre in the situations 
(a) and (b). 

Figure shows three concentric thin spherical shells A, B and C of radii a, b and c respectively. 

The shells A and C are given charges q and -q respectively and the shell B is earthed. Find the 

charges appearing on the surfaces of B and C. 


2 


50. 


51. 


52. 


53. 
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Three spherical shells have radii R, 2R and 3R respectively. Total charge on Aand Cis 3q. Find 
the charges on different surfaces of A, B and C . The connecting wire does not touch the shell B. 


? 


In the above problem, the charges on different surfaces if a charge q is placed at the centre of 
the shell with all other conditions remaining the same. 


A solid sphere of radius R has a charge +2Q. A hollow spherical shell of radius 3R placed 
concentric with the first sphere that has net charge - Q. 


e 


-Q 


(a) Find the electric field between the spheres at a distance r from the centre of the inner sphere. 
[R « r «3R] 

(b) Calculate the potential difference between the spheres. 

(c) What would be the final distribution of charges, if a conducting wire joins the spheres? 

(d) Instead of (c), if the inner sphere is earthed, what is the charge on it? 

Three concentric conducting spherical shells of radii R, 2R and 3R carry charges Q,- 2Q and 


9Q, respectively. 
3Q 


er 


(a) Find the electric potential at r= Rand r = 3R, where r is the radial distance from the centre. 
(b) Compute the electric field at r = ZR 


(c) Compute the total electrostatic energy stored in the system. 


The inner shell is now connected to the external one by a conducting wire, passing through a very 
small hole in the middle shell. 
(d) Compute the charges on the spheres of radii R and 3R. 


(e) Compute the electric field at r = ZR 


LEVEL 2 


Single Correct Option 


1. In the diagram shown, the charge + Q is fixed. Another charge + 2g and mass M is projected 
from a distance R from the fixed charge. Minimum separation between the two charges if the 


velocity becomes —— times of the projected velocity, at this moment is (Assume gravity to be 


4/3 


absent) 
V. 
b 30° 
+Q +2q 
P R > 
(a) x R (b) gk (c) ;R (dy None of these 


2. A uniform electric field of strength E exists in a region. An electron enters a point A with 
velocity v as shown. It moves through the electric field and reaches at point B. Velocity of 
particle at Bis 2 v at 30° with x-axis. Then, 


y 2v 
[N 
V B(2a d) 
| " 
(0, 0) A(a, 0) 
2 ^ 
aj electric ted 
2ea 
3m 


(b) rate of doing work done by electric field at B is 


ea 
(c) Both (a) and (b) are correct 
(d) Both (a) and (b) are wrong 
3. Two point charges a and b whose magnitudes are same, positioned at a certain distance along 
the positive x-axis from each other. a is at origin. Graph is drawn between electrical field 
strength and distance x from a. E is taken positive if it is along the line joining from a to b. 
From the graph it can be decided that 


[NGA os 


(a) a is positive, b is negative (b) a and 5 both are positive 
(c) a and b both are negative (d) a is negative, b is positive 
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Note Graph is drawn only between a and b. 


4. Six charges are placed at the vertices of a rectangular hexagon as shown in the figure. The 
electric field on the line passing through point O and perpendicular to the plane of the figure as 
a function of distance x from point O is (x » » a) 


Qa 2Qa J3Qa 
(a) : e T £g? ©) T £g? q T £g? 


5. If the electric potential of the inner shell is 10 V and that of the outer shell is 5 V, then the 
potential at the centre will be 


(a) 10 V (b 5V (c) 15 V (d) zero 


6. A solid conducting sphere of radius a having a charge q is surrounded by a concentric 
conducting spherical shell of inner radius 2a and outer radius 3a as shown in figure. Find the 


amount of heat produced when switch is closed | k= 1 i 
kg? kg? kg? kq? 
ma, Du. DAE. d) 4. 
(a) 2a (b) 3a © 4a 9 6a 


7. There are four concentric shells A, B,C and D of radii a, 2a, 3a and 4a respectively. Shells 


B and D are given charges +q and -q respectively. Shell C is now earthed. The potential 
difference V, — Vç is L X | 
ATE 9 
k k k k 
(9) = b) Z2 () 73 @ = 
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10. 


11. 


12. 


. Potential difference between centre and surface of the sphere of radius R and uniform volume 


charge density p within it will be 


pR’ pR’ 

a) —— re 
(a) "E (b) 4e, 
2 2 

(c) ws (d) pk” 
3 Eq 2 £0 


A positively charged disc is placed on a horizontal plane. A charged particle is released from a 

certain height on its axis. The particle just reaches the centre of the disc. Select the correct 

alternative. 

(a) Particle has negative charge on it 

(b) Total potential energy (gravitational + electrostatic) of the particle first increases, then 
decreases 

(c) Total potential energy of the particle first decreases, then increases 

(d) Total potential energy of the particle continuously decreases 

The curve represents the distribution of potential along the straight line joining the two 

charges Qj and Q, (separated by a distance r) then which of the following statements are 

correct? 


1. 1@l> lQ 

2. @, is positive in nature 

3. Aand B are equilibrium points 

4. Cis a point of unstable equilibrium 

(a) 1 and 2 (b) 1, 2 and 3 

(c) 1, 2 and 4 (d) 1, 2, 3 and 4 

A point charge q; = q is placed at point P. Another point charge qə = — q is placed at point Q. At 
some point A(R + P, R + Q), electric potential due to q, is V; and electric potential due to q, is 
V5. Which of the following is correct? 

(a) Only for some points V, > V3 

(b) Only for some points V, > V, 

(c) For all points V, > V; 

(d) For all points V, > V, 

The variation of electric field between two charges q; and qs 
along the line joining the charges is plotted against distance 
from q, (taking rightward direction of electric field as positive) 
as shown in the figure. Then, the correct statement 1s 

(a) qı and qs are positive and q, < qs 

(b) q; and qs are positive and q; > qə 

(c) q is positive and qis negative q, «| qəl 

(d) q; and q are negative and | q,| «| qol 


13. 


14. 


15. 


16. 


17. 
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A charge q is placed at O in the cavity in a spherical uncharged 

conductor. Point S is outside the conductor. If q is displaced from O 

towards S (still remaining within the cavity) S 
(a) electric field at S will increase e : 
(b) electric field at S will decrease 


(c) electric field at S will first increase and then decrease 
(d) electric field at S will not change 


A uniform electric field of 400 V/m 1s directed at 45? above the x-axis as shown in the figure. The 
potential difference V4, — Vz is given by 


(a) 0 (b) 4V 
(c) 6.4 V (d) 2.8 V 


Initially the spheres A and B are at potentials V4 and Vg respectively. Now, sphere B is 
earthed by closing the switch. The potential of A will now become 


B 


de 


(a) 0 (b) Va (c) Va- Va (d) Vg 


A particle of mass m and charge q is fastened to one end of a string of 
length /. The other end of the string 1s fixed to the point O. The whole 
system lies on a frictionless horizontal plane. Initially, the mass is at rest 
at A. A uniform electric field in the direction shown 1s then switched on. 
Then, 


2qEl 

Vm 

[qEl 

Ym 

(c) the tension in the string when the particle reaches at Bis qE 
(d) the tension in the string when the particle reaches at B is zero 


(a) the speed of the particle when it reaches B is 


(b) the speed of the particle when it reaches B is 


A charged particle of mass m and charge q is released from rest from the position (x9, 0) in a 
uniform electric field Ejj. The angular momentum of the particle about origin 

(a) is zero (b) is constant 

(c) increases with time (d) decreases with time 
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18. 


19. 


20. 


21. 


22. 


A charge + Q is uniformly distributed in a spherical volume of radius R. A particle of charge 
+q and mass m projected with velocity v, from the surface of the spherical volume to its 
centre inside a smooth tunnel dug across the sphere. The minimum value of v, such that it 
just reaches the centre (assume that there 1s no resistance on the particle except electrostatic 
force) of the spherical volume is 


Qq Qq 
(a) VZng£gn R e» n£gmR 
2Qq Qq 
©) \ negm R i 4nggm. R 


Two identical coaxial rings each of radius R are separated by a distance of V3R. They are 
uniformly charged with charges +Q and - Q respectively. The minimum kinetic energy with 
which a charged particle (charge + q) should be projected from the centre of the negatively 
charged ring along the axis of the rings such that it reaches the centre of the positively charged 
ring is 

Qq Qq © Qq (d) 3Qq 
A4ngoR 2nggR 8ngyR 4ne gk 


A uniform electric field exists in x-y plane. The potential of points A(2m, 2m), B(-2m, 2m) 
and C(2m,4m) are 4 V, 16 V and 12 V respectively. The electric field is 

(a) di 5j) V/m (b) Gi - 4j) V/m 

(c) — Gi -- 4j) V/m (d) Gi - 4j) V/m 


Two fixed charges — 2Q and + Q are located at points (— 3a, 0) and (+ 3a, 0) respectively. Then, 

which of the following statement is correct? 

(a) Points where the electric potential due to the two charges is zero in x-y plane, lie on a circle of 
radius 4a and centre (5a, 0) 

(b) Potential is zero at x= a and x 2 9a 

(c) Both (a) and (b) are wrong 

(d) Both (a) and (b) are correct 

A particle of mass m and charge - q is projected from the origin with a horizontal speed v into 


an electric field of intensity E directed downward. Choose the wrong statement. Neglect 
gravity 


(a) The kinetic energy after a displacement y is q Ey 


(b) The horizontal and vertical components of acceleration are a, 20,a, = = 


2 


; . 1[qEx* 
(c) The equation of trajectory is y — 3 [s z | 
mu 


: : . ; 1 
(d) The horizontal and vertical displacements xand y after a time t are x = vt and y= z at 
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23. A particle of charge -q and mass m moves in a circle of radius r around an infinitely long line 


24. 


25. 


charge of linear charge density + à. Then, time period will be 


+À 


2. 
(à) T =2nr | b) Le 
2kùq 2khq 
1 /2kAq 1 m 
fe d re m. 
©) 2nr V m () 2nr V 2kAq 


1 


where, k- 
ATE, 


A small ball of mass m and charge + q tied with a string of length l, rotating in a vertical circle 
under gravity and a uniform horizontal electric field E as shown. The tension in the string 
will be minimum for 


> i 
y x 
F N 
if N 
T E > 
I \ 
I \ E 
L 1 s 
$ LÁ ld 
\ 
1 
I 


(a) 0= (£8 (b) 02x 
mg 


© @=0° @ =x + ta (££) 
mg 

Four point charges A, B, C and D are placed at the four corners of a square of side a. The energy 

required to take the charges C and D to infinity (they are also infinitely separated from each 

other) is 


NT 
| 
I I 
I |] 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
dg 770 C =q 
2 2 
2 
a — (b) —3 
4ne a TE a 
q? @ 
(c) (9 +1) (d) (V2 - 1) 
4T£9Q 4nE 9a 
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26. Two identical positive charges are placed at x = — a and x = a. The correct variation of potential 


27. 


28. 


29. 


30. 


V along the x-axis is given by 


pe es 


(c) E V A 
za O ta * 


Two identical charges are placed at the two corners of an equilateral triangle. The potential 
energy of the system is U. The work done in bringing an identical charge from infinity to the 
third vertex is 

(a) U (b) 2U 

(c) 3U (d) 4U 

A charged particle q is shot from a large distance towards another charged particle Q which is 


fixed, with a speed v. It approaches Q up to a closest distancer and then returns. If q were given 
a speed 2v, the distance of approach would be 


q v 
e—————--------- * eQ 
r 
(a) r (b) 2r 
(c) r/2 (d) r/4 


Two identical charged spheres are suspended by strings of equal length. The strings make an 
angle of 30? with each other. When suspended in a liquid of density 0.8 g/cc, the angle remains 
the same. The dielectric constant of the liquid is [density of the material of sphere is 1.6 g/cc] 
(a) 2 (b) 4 

(c) 2.5 (d) 3.5 


The electrostatic potential due to the charge configuration at point P z b 
as shown in figure for b< < ais dene O-q 
2q 


t 


4n£ga^ b 
(d) zero 


31. 


32. 


33. 


34. 


35. 


36. 
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The figure shows four situations in which charged particles are at equal distances from the 
origin. If Ej, E; E; and E, be the magnitude of the net electric fields at the origin in four 
situations (1), (11), (11) and (iv) respectively, then 


y y y y 
-5q -5q =q 
x x x 
2q 0 -3q 3q o -2q 4q Oo q 
5q 4q 
(i) (ii) (iii) (iv) 
(a) E =E= E; = E, (b E = E> E; > E, 
(c) E < E, < E; = E, (d E > E= E; < E, 


: ; ; 1 ; 
An isolated conducting sphere whose radius R = 1 mhas a charge q = $ nC. The energy density 


at the surface of the sphere is 
(a) B J/m? (b) £o J/m? 


(c) 2&9 J/m? (d) x Jim? 


Two conducting concentric, hollow spheres A and B have radii a and 6 respectively, with A 
inside B. Their common potentials is V. A is now given some charge such that its potential 
becomes zero. The potential of B will now be 

(a) 0 (b) V(1- a/b) 

(c) Valb (d) Vb/a 


In a uniform electric field, the potential is 10 V at the origin of coordinates and 8 V at each of 
the points (1, 0, 0), (0, 1, 0) and (0, 0, 1). The potential at the point (1, 1, 1) will be 
(a) 0 (b) 4V (c) 8V (d) 10 V 


There are two uncharged identical metallic spheres 1 and 2 of radius r separated by a distance 
d (d »» r). A charged metallic sphere of same radius having charge q is touched with one of the 
sphere. After some time it is moved away from the system. Now, the uncharged sphere is 
earthed. Charge on earthed sphere 1s 


q z4 

(a) T (b) 2 
gr 0. 

s 2d s 2r 


Figure shows a closed dotted surface which intersects a conducting uncharged sphere. If a 
positive charge 1s placed at the point P, the flux ofthe electric field through the closed surface 


Ue 


(a) will remain zero (b) will become positive 
(c) will become negative (d) data insufficient 
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37. 


38. 


Two concentric conducting thin spherical shells A and B having radii r4 and rg(rg » r4) are 
charged to Q4 and - Qg(IQgl »1|Q,l). The electrical field along a line passing through the 
centre is 


E E 
(a) I" (b) 
I tog ho 
O lA ÉL x— O lA IB x—> 
E 
(c) | (d) None of these 
| i TB 


O TA A x— 


The electric potential at a point (x, y) in the x-y plane is given by V = — kxy. The field intensity 
at a distance r in this plane, from the origin is proportional to 

(a) r^ b) r 

(c) 1/r (d) 1/r? 


More than One Correct Options 


1. 


Two concentric shells have radii R and 2 R charges q4 and qg and potentials 2 V and (3/2) V 
respectively. Now, shell Bis earthed and let charges on them become q,’ and qg’. Then, 


B 


it 


(a) q4/qg = 1/2 

(b) q4'/gg/- 1 

(c) potential of A after earthing becomes (3/2) V 

(d) potential difference between A and B after earthing becomes V /2 


. A particle of mass 2 kg and charge 1 mC is projected vertically with a velocity 10 ms !. There is 


a uniform horizontal electric field of 10* N/C, then 
(a) the horizontal range of the particle is 10m (b) the time of flight of the particle is 2 s 
(c) the maximum height reached is 5 m (d) the horizontal range of the particle is 5 m 


. Ata distance of 5 cm and 10 cm from surface of a uniformly charged solid sphere, the potentials 


are 100 V and 75 V respectively. Then, 
(a) potential at its surface is 150 V (b) the charge on the sphere is — x10 c 


(c) the electric field on the surface is 1500 V/m (d) the electric potential at its centre is 25 V 
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4. Three charged particles are in equilibrium under their electrostatic forces only. Then, 
(a) the particles must be collinear 
(b) all the charges cannot have the same magnitude 
(c) all the charges cannot have the same sign 
(d) the equilibrium is unstable 


5. Charges @, and Q, lie inside and outside respectively of a closed surface S. Let E be the field at 
any point on S and ọ be the flux of E over S. 
(a) If Q, changes, both E and $ will change 
(b) If Q, changes, E will change but 6 will not change 
(c) IfQ, 20 and Q, +0, then E #0 but $ =0 
(d) If Q, #0 and Q, 20, then E =0 but 6 +0 


6. An electric dipole is placed at the centre of a sphere. Mark the correct options. 
(a) The flux of the electric field through the sphere is zero 
(b) The electric field is zero at every point of the sphere 
(c) The electric field is not zero at anywhere on the sphere 
(d) The electric field is zero on a circle on the sphere 


7T. Mark the correct options. 
(a) Gauss's law is valid only for uniform charge distributions 
(b) Gauss's law is valid only for charges placed in vacuum 
(c) The electric field calculated by Gauss's law is the field due to all the charges 
(d) The flux of the electric field through a closed surface due to all the charges is equal to the flux 
due to the charges enclosed by the surface 


8. Two concentric spherical shells have charges + q and - q as shown in figure. Choose the correct 
options. 


(a) At A electric field is zero, but electric potential is non-zero 
(b) At B electric field and electric potential both are non-zero 
(c) At C electric field is zero but electric potential is non-zero 
(d) At C electric field and electric potential both are zero 


9. A rod is hinged (free to rotate) at its centre O as shown in figure. FÉ 


Two point charges +q and + q are kept at its two ends. Rod is "d 

placed in uniform electric field E as shown. Space 1s gravity free. 

Choose the correct options. Oo 

(a) Net force from the hinge on the rod is zero 

(b) Net force from the hinge on the rod is leftwards +q 

(c) Equilibrium of rod is neutral =< 


(d) Equilibrium of rod is stable 
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10. Two charges +Q each are fixed at points C and D. Line AB is the A 
bisector line of CD. A third charge + q is moved from Ato B, then from 
Bto C. 
(a) From A to B electrostatic potential energy will decrease C B D 


(b) From A to B electrostatic potential energy will increase 
(c) From B to C electrostatic potential energy will increase 
(d) From B to C electrostatic potential energy will decrease 


Comprehension Based Questions 
Passage (Q. No. 1 to 3) 


There are two concentric spherical shell of radii r and 2r. Initially, a charge Q is given to the 
inner shell and both the switches are open. 


YY 


1. If switch S, is closed and then opened, charge on the outer shell will be 


(a) Q (b) Q2 
(c) -Q (d) -Q2 
2. Now, S, is closed and opened. The charge flowing through the switch S, in the process is 
(a) Q (b) Q/4 
(c) Q/2 (d) 2Q/8 


3. The two steps of the above two problems are repeated n times, the potential difference between 
the shells will be 


1 Q 1| Q 
i m i zz 


1| Q 1 Q 
©) EA @) cae 


Passage Il (Q. No. 4 to 7) 


A sphere of charge of radius R carries a positive charge whose volume charge density depends 


] À r : 
only on the distancer from the ball's centre asp = po ( - z) , where pgo is a constant. Assume € as 


the permittivity of space. 


4. The magnitude of electric field as a function of the distance r inside the sphere is given by 


_Pofr or -Po|r nr 
e gh x b) E ab A 


2 2 
() E=] 74 7 (d g=] 7+2 
£|3 AR £|4 3R 


5. 
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The magnitude of the electric field as a function of the distance r outside the ball is given by 


Dok? PoR? 
a) E 2——- E= 
(a) 8er? ( 12er? 
PoR? PoR? 
ce Es d E =- 
© Ser? (¢) 12e? 


. The value of distance r,, at which electric field intensity is maximum is given by 


R 3R 
(a) ny (b) i 
2R 4R 
c) n,-2—— d) r,=— 
(c) n, 3 (d) 3 
. The maximum electric field intensity is 
poR Pot 
| ese E. =P 
EL CT ©) E, = OR 
© E, = PSP () E, =P 
3e 6e 


Passage IlI (Q. No. 8 to 10) 


10. 


A solid metallic sphere of radius a is surrounded by a conducting spherical shell of radius 
b (b> a). The solid sphere is given a charge Q. A student measures the potential at the surface of 
the solid sphere as V, and the potential at the surface of spherical shell as Vy. After taking these 
readings, he decides to put charge of — 4Q on the shell. He then noted the readings of the 
potential of solid sphere and the shell and found that the potential difference is AV. He then 
connected the outer spherical shell to the earth by a conducting wire and found that the charge 
on the outer surface of the shell as q. 

He then decides to remove the earthing connection from the shell and earthed the inner solid 
sphere. Connecting the inner sphere with the earth he observes the charge on the solid sphere as 
q». He then wanted to check what happens if the two are connected by the conducting wire. So he 
removed the earthing connection and connected a conducting wire between the solid sphere and 
the spherical shell. After the connections were made he found the charge on the outer shell as qs. 


Answer the following questions based on the readings taken by the student at various stages. 


. Potential difference (AV) measured by the student between the inner solid sphere and outer 


shell after putting a charge — 4Q 1s 


(a) V,-3V, (b) 3V, - V) 
© V, (d) V, -V, 
- dois 
(a) Q (b) a(S} 
(c) - 4Q (d) zero 
q; is 
Q(a + b) Qa? 
Nano ES 
(c) Q(a - b) (d) .Qb 
b a 
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Match the Columns 


1. Five identical charges are kept at five vertices of a regular hexagon. Match the following two 
columns at centre of the hexagon. If in the given situation electric field at centre is E. Then, 


Column I Column II 


(a) If charge at B is removed, then | (p) 2E 


electric field will become 


(b) If charge at C is removed, then | (qd) E 


electric field will become 


(c) If charge at D is removed then | (r) zero 


electric field will become 


(d) If charges at B and C both are (s) J3E 


removed, then electric field will 
become 


Note Only magnitudes of electric field are given. 


2. In an electric field E = (2i+ 4j) N/C, electric potential at origin is 0 V. Match the following two 


columns. 
Column I 
(a) Potential at (4m, 0) 
(b) Potential at (-4m, 0) 


(c) Potential at (0, 4m) 
(d) Potential at (0, — 4 m) 


Column II 


(p 8V 

(q) -8V 
(r) 16V 
(s) -16V 


3. Electric potential on the surface of a solid sphere of charge is V. Radius of the sphere is 1m. 


Match the following two columns. 


Column I 


(a) Electric potential at r — Z 


(b) Electric potential at r = 2R 
il^ R 
(c) Electric field at r — 3 


(d) Electric field at r = 2R 


4. Match the following two columns. 
Column I 
(a) Electric potential 
(b) Electric field 


(c) Electric flux 
(d) Permittivity of free space 


Column II 
p V 

4 
@ V 

2 
qr) 3V 

4 


(s) None ofthese 


Column II 


(p [MLT?A-1] 


(Q [MD TPA} 
() [MÉTA] 
(s) None of these 
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5. Match the following two columns. 
ColumnI Column II 


(a) Electric field due to | (p) + 
charged spherical shell 


NL 


es ————————r 


(b) Electric potential due to | (q) 4 
charged spherical shell 


(c) Electric field due to| (r) Î 
charged solid sphere 


(d) Electric potential due to (s) None of these 
charged solid sphere 


Subjective Questions 
1. A 4.00 kg block carrying a charge Q = 50.0 uC is connected to a spring for which k= 100 N/m. 
The block lies on a frictionless horizontal track, and the system is immersed in a uniform 
electric field of magnitude E = 5.00 x 10? V/m, directed as shown in figure. If the block is 


released from rest when the spring is unstretched (at «= 0). 


x20 
(a) By what maximum amount does the spring expand? 
(b) What is the equilibrium position of the block? 
(c) Show that the block's motion is simple harmonic and determine its period. 
(d) Repeat part (a) if the coefficient of kinetic friction between block and surface is 0.2. 


2. A particle of mass m and charge -Q is constrained to move along the axis of a ring of radius a. 
The ring carries a uniform charge density +A along its length. Initially, the particle is in the 
centre of the ring where the force on it is zero. Show that the period of oscillation of the particle 
when it is displaced slightly from its equilibrium position is given by 


2 
T-22mnx 2£gma" 
AQ 
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3. Three identical conducting plane parallel plates, each of area A are held with equal separation 
d between successive surfaces. Charges Q, 2Q, and 3Q are placed on them. Neglecting edge 
effects, find the distribution of charges on the six surfaces. 


4. A long non-conducting, massless rod of length L pivoted at its centre and balanced with a 
weight w at a distance x from the left end. At the left and right ends of the rod are attached 
small conducting spheres with positive charges q and 2q respectively. A distance h directly 
beneath each of these spheres is a fixed sphere with positive charge Q. 

(a) Find the distance x where the rod is horizontal and balanced. 
(b) What value should A have so that the rod exerts no vertical force on the bearing when the rod is 
horizontal and balanced? 


Note Ignore the force between Q (beneath q) and 2q and the force between Q (beneath 2q) and q. Also the force 
between Q and Q. 


5. The electric potential varies in space according to the relation V = 3x + 4y. A particle of mass 
10 kg starts from rest from point (2, 3.2) m under the influence of this field. Find the velocity of 
the particle when it crosses the x-axis. The charge on the particle is +1 uC. Assume V (x, y) are 
in SI units. 


6. A simple pendulum with a bob of mass m = 1 kg, charge q = 5uC and string length / 2 1m is 
given a horizontal velocity u in a uniform electric field E = 2 x 10° V/m at its bottommost point 


A, as shown in figure. It is given that the speed u 1s such that the particle leaves the circle at 
point C. Find the speed u (Take g= 10 m/s?) 


7T. Eight point charges of magnitude Q are arranged to form the corners of a cube of side L. The 
arrangement is made in manner such that the nearest neighbour of any charge has the 
opposite sign. Initially, the charges are held at rest. If the system 1s let free to move, what 
happens to the arrangement? Does the cube-shape shrink or expand? Calculate the velocity of 
each charge when the side-length of the cube formation changes from L to nL. Assume that the 
mass of each point charge is m. 


8. There are two concentric spherical shells of radii r and 2r. Initially, a charge Q is given to the 
inner shell. Now, switch S, is closed and opened then S, is closed and opened and the process is 
repeated n times for both the keys alternatively. Find the final potential difference between 


the shells. 


9. 


10. 


11. 


12. 
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Two point charges Q} and Q, are positioned at points 1 and 2. The field intensity to the right of 
the charge Q, on the line that passes through the two charges varies according to a law that is 
represented schematically in the figure. The field intensity is assumed to be positive 1f its 
direction coincides with the positive direction on the x-axis. The distance between the charges 


is J. 
E^ 


(a) Find the sign of each charge. 


Q 


2 


(b) Find the ratio of the absolute values of the charges 


(c) Find the value of b where the field intensity is maximum. 


A conducting sphere S, of radius r is attached to an insulating handle. Another conducting 
sphere S, of radius R (>r)is mounted on an insulating stand, S, is initially uncharged. S, is 
given a charge Q. Brought into contact with S, and removed. S, is recharged such that the 
charge on itis again Q and it is again brought into contact with S, and removed. This procedure 
is repeated n times. 

(a) Find the electrostatic energy of S, after n such contacts with S4. 

(b) What is the limiting value of this energy as n > o»? 


A proton of mass m and accelerated by a potential difference V gets into a uniform electric field 
of a parallel plate capacitor parallel to plates of length / at mid-point of its separation between 
plates. The field strength in it varies with time as E = at, where a is a positive constant. Find 
the angle of deviation of the proton as it comes out of the capacitor. (Assume that 1t does not 
collide with any of the plates.) 


Two fixed, equal, positive charges, each of magnitude 5 x 10° C are located at points A and B 
separated by a distance of 6 m. An equal and opposite charge moves towards them along the 
line COD, the perpendicular bisector of the line AB. The moving charge when it reaches the 
point C at a distance of 4 m from O, has a kinetic energy of 4 J. Calculate the distance of the 
farthest point D which the negative charge will reach before returning towards C. 


A? *q 


De O eC 


3m 


Bé*q 


13. Positive charge Q is uniformly distributed throughout the volume of a sphere of radius R. A 


point mass having charge +q and mass m is fired towards the centre of the sphere with velocity 
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14. 


15. 


16. 


17. 


18. 


v from a point A at distance r(r > R) from the centre of the sphere. Find the minimum velocity v 
so that it can penetrate R/2 distance of the sphere. Neglect any resistance other than electric 
interaction. Charge on the small mass remains constant throughout the motion. 


Two concentric rings placed in a gravity free region in yz-plane one of radius R carries a charge 
+ Q and second of radius 4R and charge -8Q distributed uniformly over it. Find the minimum 
velocity with which a point charge of mass m and charge +q should be projected from a point at 
a distance 3R from the centre of rings on its axis so that it will reach to the centre of the rings. 


An electric dipole is placed at a distance x from centre O on the axis of a charged ring of radius 
R and charge Q uniformly distributed over it. 


R 
-q +q 
o . - ° 
x |j—| 
2a 


(a) Find the net force acting on the dipole. 
(b) What is the work done in rotating the dipole through 180°? 


A point charge -q revolves around a fixed charge +Q in elliptical orbit. The minimum and 
maximum distance of q from Q are r, and r,, respectively. The mass of revolving particle is m. 
Q> q and assume no gravitational effects. Find the velocity of q at positions when it is at r; and 
r distance from Q. 


Three concentric, thin, spherical, metallic shells have radii 1, 2, and 4 cm and they are held at 
potentials 10, 0 and 40 V respectively. Taking the origin at the common centre, calculate the 
following: 

(a) Potential at r = 1.25 cm 

(b) Potential at r 2 2.5 cm 

(c) Electric field at r = 1.25 cm 


A thin insulating wire is stretched along the diameter of an insulated circular hoop of radius R. 
A small bead of mass m and charge -q is threaded onto the wire. Two small identical charges 
are tied to the hoop at points opposite to each other, so that the diameter passing through them 
is perpendicular to the thread (see figure). The bead is released at a point which is a distance xg 
from the centre of the hoop. Assume that x, << R. 


>x 


(a) What is the resultant force acting on the charged bead? 
(b) Describe (qualitatively) the motion of the bead after it is released. 


(c) Use the assumption that Io 1 to obtain an approximate equation of motion, and find the 


displacement and velocity of the bead as functions of time. 
(d) When will the velocity of the bead will become zero for the first time? 
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19. The region between two concentric spheres of radii a and b(» a) contains volume charge 


20. 


21. 


22. 


density p(r) = E , where C is a constant and r is the radial distance as shown in figure. A point 
r 
charge q is placed at the origin, r = 0. 


Find the value of C for which the electric field in the region between the spheres is constant (i.e. 
r independent). 


A non-conducting ring of mass m and radius R is charged as shown. The charge density, 1.e. 
charge per unit length is A. It is then placed on a rough non-conducting horizontal plane. At 
time t= 0, a uniform electric field E= Ej 1s switched on and the ring starts rolling without 
sliding. Determine the friction force (magnitude and direction) acting on the ring when it starts 


moving. 
EN 


A rectangular tank of mass m, and charge Q over it is placed on a smooth horizontal floor. A 
horizontal electric field E exists in the region. Rain drops are falling vertically in the tank at 
the constant rate of n drops per second. Mass of each drop is m. Find velocity of tank as function 
of time. 


In a region, an electric field E = 15 N/C making an angle of 30° with the horizontal plane is 
present. A ball having charge 2C, mass 3 kg and coefficient of restitution with ground 1/2 1s 
projected at an angle of 30? with the horizontal in the direction of electric field with speed 
20 m/s. Find the horizontal distance travelled by ball from first drop to the second drop. 


E 


30* 


Answers 


Introductory Exercise 24.1 
1. No, as attraction can take place between a charged and an uncharged body too. 
2. Yes 
3. Record gets charged when cleaned and then by induction, it attracts dust particles. 
4. -2.89x 10? C 


Introductory Exercise 24.2 


2 2 

1.227x10? 2. (MIL? T^ 421, © 3, V3 (8) 4. 1 (8) 
V-m 4n£9 \a 2n£g \a 

5. No 6. Induction > Conduction  Repulsion 7. Yes 

8. No 9. (- 4i 3j)N 


Introductory Exercise 24.3 


1. False 2. At A 3. False 4. False 
5. qand qs are positive and q, is negative 6. : A 
4n£9 a 


7. - (4.32 1+ 5.76 j) x 10? N/C 


Introductory Exercise 24.4 
1. 18.97 m/s 2.-9 mJ 3. - 10.6x 10% J 


Introductory Exercise 24.5 


1. 12x 10? V Brace (o) xali- amt 2) 
m Ane d 
2 2 
3.v= Gig I | 4, 29 
4n£9 2l [24 d2 -1 2 TEL 


Introductory Exercise 24.6 
1. (a) E=- 2a (i - yj) (b) E=- a (yi + xj) 


E (V/m) 
2. 
bi posee 
2 2 4 8 >x (m) 
—s LL 
8. False 4. (a) Zero (b) 20V (c) -20V (d) -20V 


Introductory Exercise 24.7 


1. (a) Zero (b) a (c) zm 2. True 3. (a) Zero (b) xR?E 
£o 2€o 


4. No, Yes 


4. Zero 


Exercises 


LEVEL 1 
Assertion and Reason 
1.(b) 2. (a,b) 3. (d) 4. (b) 5. (b) 6. (d)  7.(ab) 8.(d) 9.(c) 10. (b) 


Objective Questions 

1. (c) 2. (a 8. (b 4. (c) 5. (d) 6. (b 7. (OQ & (a)  9.(c 10. (d) 
11. (a) 12. (a) 13. (d) 14. (b 15. (b) 16. (c) 17. (d) 18. (c) 19. (a) 20. (d) 
21. (a) 22. (d) 28. (d) 24. (c) 25. (a) 26. (c) 27. (a) 28. (b) 29. (a) 30. (d) 
31. (b) 32. (b) 33. (a) 84. (a) 35. (a) 36. (d) 37. (d) 38. (d) 39. (a) 


Subjective Questions 


19-9 2. fe- 31x 105 3. 5.31 x 107 C/m? rM ne 
2 Fe Bn ER 
5.43uC,F1pc 8. —L, zero 9. (a) q299, (b) q=- 250 
24£9 


10. (a) Third charge is - “a at a distance of 5 from q between the two charges. 


11. e 12. 3.3x 108C 13. (242 + 1) .—2 

43 8nega? 
14. (144j - 10.8.) N/C i RN ig, e 

2n egR 2n egal? + 4a? 

17. (a) Along positive y-axis (b) Along positive x-axis (c) Along positive y-axis 
18. 9.30 19. 312.5m 20. (a) 37° and 53° (b) 1.66x 107 s,2.2x 107 s 
21. (a) (-2.1x 10? jy m/s? (b) (1.51+ 2.0j)x 10? m/s 
22. At x = 40 cm and x = - 200 cm 23. V = 2.634 inns 
24. (a) -6x 10% J (b) 50V 25. 7.42 m/s, faster 
26. (a) ne () — F Z 27. - 0.356 J 
28. (a) -3.6x 107 J (b) x= 0.0743 m 29. -q/2 
30. (a) zero (b) - 20 kV 31. (a) -80V (b) 120V (c) OV 
32. (a) -80 V (b) - 40 V 
33. (a) [MT A7] (b) -A((y + z)i+ (x+ 2j K+ WK} (c) 20/8 N/C 34. -100 V 
35. (a) E, Ay + 2Bx, E, Ax-C,E,=0, (b) x=-C/A, y= — 2BC /A*, any value of z 
36. 3.19 nC 37. (a) -4.07 x 105 Nm (b) 6.91 nC (c) No 38. 240 anui 39. 22x 10? C 


41. (a) &, - - C^, $s, =- DI?,&, = CI?, &, = DL’, 4, - B^, €, - BI? (b) zero 


230 e° Electricity and Magnetism 


1 q 1 
42. 7) 1 43. z-[i- x 
£o | J1+ (R Dd 2€ J2 
44. 2 a 45, o. 46. 2q, Zero 
4ng9 R^ « r 3£9 


47. (a) V = S ta b+ ©), Vg *(5 bee) :(E eo (b)c=a+b 
£o £9 (Db £9 C C 
48. (a) e OU. ie uos d 


2: 2 E z in both situations 
4nza^ Ana 4nza^ 4na 4 TEX 


2 


49. Inner surface of B — - q, outer surface of B >= b q, inner surface of C > (=) , outer surface of 
C C 


c (2-1)q 
C 


50. A B C 
EF 18, 
Inner Surface 0 Tl 11 
6 18 9 
Outer Surface T q 1l q iM q 
51. A B C 
4 
Inner Surface =q -2q 3 q 
2 x q 2 q 
Outer Surface q 3 3 
Q Q ; Q 
52. b d t d) = 
(a) ZU (b) Sae R (c) zero on inner and Q on outer (d) 3 
Q Q Q Q? Q 7Q -30 
53. ] b d = 0 
A A4negR ' 6negR mi 257 ejR? pu 4T eR SM 2 Qz 2 a 502 ejR? i 
LEVEL 2 
Single Correct Option 
1.(a) 2.(a) 3.(a) 4.(b) 5.(a) 6.(c) 7.(d) 8.(a) 9.(c) 10.(a) 


11.(c) 12.8)  13.(d) 14.(d) 15.(c) 16.(b)  17.c)  18.(d)  19.(a)  20.(d) 
21.(d) 22.(a)  23.(a) 24.(d) 25.(c) | 26.(c)  27.(b)  28.d) 29.(a)  30.(o) 
31.(a) 32.(a)  38.(b) 34.(b) 35.(c)  36(c)  37.(a)  838.(b) 


More than One Correct Options 
1.(a,d) 2.(a,b,c) 3.(a,b,c) 4.(all) —5.(a,b,c) 6.(a,c) 7.(c,d) 8.(a,b,d) 9.(b,c) 10.(b,c) 


Comprehension Based Questions 
1.(c) 2.(c) 3.(a) 4.(a) 5.(b) 6.(c) 7.(a) 8.(d) 9.(b)  10.(c) 
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Match the Columns 


1. (Ss (b) > q (c)> r (d) p 
2. (a) q (b) p (c) s (d)or 
3. (2955 (b) 2 q (02 q (d)2 p 
4. (ayor (b) p (c) — q (d) s 
5. (a) p (b) > q (c)> r (d) s 


Subjective Questions 


1.(à)0.5m (b)0.25m (c) 1.26s (d) 0.34m 3. 30, - 20, 20, 0, 0, 30 
4. (a) 4 | , 08 | (b) | 329 5. 20x 10? m/s 
2 (4x £9) Wh (42 £9)W 
2 
6.6m/s 7. shrink, [90-0 G6 + V2 - 3/3) 8s. 1 9. 
4nmx Leg 6 2^ *1| An epr 


t 


l 
a ) (c) (a 


9. (a) Q is negative and Qj is positive (b) ( 


10. (a) E: ges Eh- ii l (b) CR 
0 


8 Rer BT €or 
5 1 
11. 0 = tarl 2L | 12. 72. m is: b gg rem j 
AV V 2eV 2neg RM\ r 8 
- 2_ 5,2 

14. nooo 15. (a) puo a ae (b) n 2:372 

2megmR| 5410 2nx£g (R? + x?) TE, (R? + x*) 
16. OLI NNNM Qa 17. (a) 6V (b) 16V (c) 1280V/m 

2nggmn (h+ r5) 2ng£gmr» (n ^ fo) 


2kQqx 
Qty 


2.53 
(c) x 2 Xgcos ot, v=-@ X sin ot, where w= [209k (d) t= z mR , Here k= 1 
mR 20qk 4n£6 


18. (a) F =- (b) Periodic between + xo 


19. eo 2 20. f = ARE, along positive x-axis 


21. v» QE [accu] 22. 7043 m 
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25.1 Capacitance 


In practice, we cannot handle free point charges or hold them fixed at desired positions. A practical 
way to handle a charge would be to put it on a conductor. Thus, one use of a conductor is to store 
electric charge (or electric potential energy). But, every conductor has its maximum limit of storing 
the electric charge or potential energy. Beyond that limit, the dielectric in which the conductor is 
placed, becomes ionized. A capacitor is a device which can store more electric charge or potential 
energy compared to an isolated conductor. 

Capacitors have a tremendous number of applications. In the flash light used by photographers, the 
energy and charge stored in a capacitor are recovered quickly. In other applications, the energy is 
released more slowly. 


Capacitance of an Isolated Conductor 


When a charge q is given to a conductor, it spreads over the outer surface of the * 
conductor. The whole conductor comes to the same potential (say V ). This * + 
potential V is directly proportional to the charge q, i.e. ^ $ 


V œ q i + 
1 

When the proportionality sign is removed, a constant of proportionality T * — 
T 


comes in picture. Fig. 25.1 


Hence, V= 


or = 


Here, C is called the capacitance of the conductor. The SI unit of capacitance is called one farad 
: F). One farad is equal to one coulomb per volt (1C/V) 


1 F=1 farad =1 C/V =1 coulomb/ volt 


Note (i) An obvious question arises in mind that when a conductor stores electric charge and energy then why 
not the unit of capacitance is coulomb or joule. For example, the capacity of a storage tank is given in 
litres (the unit of volume) or gallons not in the name of some scientist. The reason is simple the capacity 
of tank does not depend on medium in which it is kept. While the capacity of a conductor to store charge 
(or energy) depends on the medium in which it is kept. It varies from medium to medium. So, it is difficult 
to express the capacity in terms of coulomb or joule. Because in that case we will have to mention the 
medium also. 

For example, we will say like this, capacity of this conductor in water is 1 C in oil it is5 C, etc. On the other 
hand, the C discussed above gives us an idea about the dimensions of the conductor nothing about the 
charge which it can store because as we said earlier also it will vary from medium to medium. By 
knowing the C (or the dimensions of conductor) a physics student can easily find the maximum charge 
which it can store, provided the medium is also given. 

(i) Farad in itself is a large unit. Microfarad (uF) is used more frequently. 


Method of Finding Capacitance of a Conductor 


Give a charge q to the conductor. Find potential on it due to charge q. This potential V will be a 
function of q and finally find q /V, which is the desired capacitance C. 
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Capacitance of a Spherical Conductor 


When a charge q is given to a spherical conductor of radius R, the potential on n umet 7 
it is 


1 * + 
V= E + + 
Ane, R TA 
+ R + 
From this expression, we find that 4 .4me pR=C i P - Y 
V * 
Fig. 25.2 


Thus, capacitance of the spherical conductor is 
C —- 4n£,R 
From this expression, we can draw the following conclusions : 
(i) C œ R or C depends on R only. Which we have already stated that C depends on the dimensions 
of the conductor. Moreover if two conductors have radii R, and R,, then 
C, HR 


C; Ry 


(ii) Earth is also a spherical conductor of radius R =6.4 x 105 m. The capacity of earth is therefore, 


l 6 
C= 6.4x10 
eal 


=711x10° F 
or C=711uF 
From here, we can see that farad is a large unit. As capacity of such a huge conductor is 


only 711 UF. 


€» Extra Points to Remember 


e Dielectric strength of an insulator In an insulator, most of the electrons are tightly bounded with the 
nucleus. If an electric field is applied on this insulator, an electrostatic force acts on these electrons in the 
opposite direction of electric field. As electric field increases, this force also increases. After a certain value 
of electric field, force becomes so large that these bounded electrons are knocked out or ionized. This 
maximum electric field is called dielectric strength of insulator. Its unit is N/C or V/m. 


e With the help of capacitance (or dimensions of conductor) and dielectric strength of an insulator we can 
determine the maximum charge or energy which can be stored by this conductor. 


© Example 25.1 Capacitance of a conductor is 1uF. What charge is required to 
raise its potential to 100V? 


Solution Using the equation 
q-CV 
We have, q= (AUF) (100 V) 
= 100uC Ans. 
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© Example 25.2 Radius of a spherical conductor is 2 m. This is kept in a 
dielectric medium of dielectric constant 109 N/C . Find 
(a) capacitance of the conductor 
(b) maximum charge which can be stored on this conductor. 
Solution (a) C-4meg,R 


1 
=|——_|(2 
zs Jo 


-22x10 ? F Ans. 
(b) Maximum electric field on the surface of spherical conductor is 
| dq 
ANE) R? 


This should not exceed 10° N/C. 
- 1 d max - 10° 
AE, R? 


= max = (4n£9 )R? (10° ) 


-| —L. |ey aes) 
9 x 10? 


=44x107C Ans. 


max 


25.2 Energy Stored in a Charged Capacitor 


Work has to be done in charging a conductor against the force of repulsion by the already existing 
charges on it. This work is stored as a potential energy in the electric field of the conductor. Suppose a 
conductor of capacity C is charged to a potential V, and let g, be the charge on the conductor at this 
instant. The potential of the conductor when (during charging) the charge on it was q (< qq) is 


yat 
C 
Now, work done in bringing a small charge dq at this potential is 
q 
dW =Vdq =| — | d 
es 
Total work done in charging it from 0 to q, is 


W = [aw = 904 dg = 


This work is stored as the potential energy, 
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Further by using gy =CV,, we can write this expression also as 


1 2 1 
U =-CV) => qo Vi 
2 0 5 do 0 


In general, if a conductor of capacity C is charged to a potential V by giving it a charge q, then 
m 1 l 1q’ ] 1 | 
U=-CV? =- = qV 
2 2C 2 


Redistribution of Charge 


Let us take an analogous example. Some liquid is filled in two vessels of different sizes upto different 
heights. These are joined through a valve which was initially closed. When the valve is opened, the 
level in both the vessels becomes equal but the volume of liquid in the right side vessel is more than 
the liquid in the left side vessel. This is because the base area (or capacity) of this vessel is more. 


Valve 
(a) (b) 
Fig. 25.3 


Now, suppose two conductors of capacities C, and C, have charges q, and q, respectively when they 
are joined together by a conducting wire, charge redistributes in these conductors in the ratio of their 


capacities. Charge redistributes till potential of both the conductors becomes equal. Thus, let g/ and 
q5 bethe final charges on them, then 


t t 
+ tm + t0 E 
+ + 
+ + V 
| b A 
TC T 
qı qi 
"ES 
q'«C or zb dE 
q2 C; 
and if they are spherical conductors, then 
Ci R, 
dcc. Fi 
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Since, the total charge is (q, + q, ). Therefore, 
, C, R 
di EAE q2) m Je q2) 


d 4 = (qi +q) NL (qi * 45) 
an E = 
12 EG 4*4 R, +R, 4*4 


Note The common potential is given by 
. Total charge _ q +q 


Total capacity C4 + C3 


Loss of Energy During Redistribution of Charge 
We can show that in redistribution of charge energy is always lost. 


la 143 
Initial potential energy, j^ 3 a + 2 E 
1 2 
1 (q +q)? 
Final potential energy, gt 2 Sh 
1 2 
1| @2 2 imi 
AU =U, U, = qı 122 (qi + 42) 
i 2 Ci C5 Ci +C, 
1 
or AU [q C. C5 +. g7 CZ +q3C? * 43C1Cs 


-26,€; (Ci *C;) 
7 GCC, = q2C,C; -2q145C1C;] 


GG E 42 za 


"BOO eC) X X 
e 
sm cc SE e 
2 (Ci * C;) 
Co 
or AU =——_ + — (y, -V;y 
2 (C; * C;) 


Now, as C,, C, and (V, — V; )? are always positive. U , > U,, i.e. there is a decrease in energy. Hence, 
energy is always lost in redistribution of charge. Further, 
AU =0 if V,=V, 


this is because no flow of charge takes place when both the conductors are at same potential. 


© Example 25.3 Two isolated spherical conductors have radii 5 cm and 10 cm, 
respectively. They have charges of 12 uC and — 3 uC. Find the charges after they 
are connected by a conducting wire. Also find the common potential after 
redistribution. 
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Solution AT NEN: 
dme. = = m " br 
* + 7 - * + + 
=> V V 
i T E y Y J j 
TW * P. T + 
Po F — 4: oF TN 
I — 
12 uC -3 uC qi q; 


Fig. 25.5 
Net charge = (12— 3)uC = 9uC 
Charge is distributed in the ratio of their capacities (or radii in case of spherical conductors), i.e. 
qi R5 I1 
qd; R, 10 2 


TNR 
di {jo 3uC 


1+2 
d *qd; _ (9x10) 
Ci +C, 4ne(Ri - R5) 
| (9x10 5) (9x 10? ) 
(15x 107) 
=54x10°V Ans. 


and = (35) (9)= 6uC 


Common potential, V = 


© Example 25.4 An insulated conductor initially free from charge is charged by 
repeated contacts with a plate which after each contact is replenished to a 
charge Q. If q is the charge on the conductor after first operation prove that the 

Qq 

Beg 

Solution Let C, be the capacity of plate and C, that of the conductor. After first contact 

charge on conductor is q. Therefore, charge on plate will remain Q — q. As the charge redistrib- 

utes in the ratio of capacities. 


maximum charge which can be given to the conductor in this way is 


= C . 
Q-4. € EGN) 
q C, 
Let q,, be the maximum charge which can be given to the conductor. Then, flow of charge from 
the plate to the conductor will stop when, 


V conductor = V tate 

m C 
: = Q — Am = 2 Q 
C; C C, 

NN GS . 
Substituting à from Eq. (1), we get 
1 
Qd Hence Proved. 
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© Example 25.5 A conducting sphere S, of radius r is attached to an insulating 


handle. Another conducting sphere S, of radius R is mounted on an insulating 
stand. S, is initially uncharged. S, is given a charge Q, brought into contact 
with S, and removed. S, is recharged such that the charge on it is again Q and 
it is again brought into contact with S, and removed. This procedure is 
repeated n times. (JEE 1998) 
(a) Find the electrostatic energy of S after n such contacts with S}. 

(b) What is the limiting value of this energy as n > ~ ? 

Solution Capacities of conducting spheres are in the ratio of their radii. Let C} and C, be the 
capacities of S, and S», then 


(a) Charges are distributed in the ratio of their capacities. Let in the first contact, charge 
acquired by S, is qı. Therefore, charge on S, will be Q — q,. Say it is q4 
di di C; R 


q Q-q C r 


R y 
mes P 


In the second contact, S$, again acquires the same charge Q. 


Therefore, total charge in S} and S, will be 


R 
Q+qı =o(1+ 58] 


This charge is again distributed in the same ratio. Therefore, charge on S ; in second contact, 


R R 
i of (<5) 


“ol acr y] 
[er R+r | 
R RY (Rey 
Similarly, q3 oE) aea | 
T R R 2 R n] 
dad EET ex) | 
" 
o «o t- (s | NU 
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Therefore, electrostatic energy of S after n such contacts 


2 2 
= — In or U; = In 
2 (4neyR) STER 
where, q, can be written from Eq. (ii). 
(b) As n— œ 
R 
Jo =Q0— 
P 
y, = de 2 RIP 
2C 8neg R 
2 
Or U,- E 
8 Teor? 
INTRODUCTORY EXERCISE 


1. Find the dimensions of capacitance. 


2. No charge will flow when two conductors having the same charge are connected to each other. 
Is this statement true or false? 

3. Two conductors of capacitance 1uF and 2 uF are charged to +10 V and —20 V. They are now 
connected by a conducting wire. Find 
(a) their common potential 
(b) the final charges on them 
(c) the loss of energy during redistribution of charges. 


25.3 Capacitors 
Any two conductors separated by an insulator (or a vacuum) form a 
capacitor. Ue pue 


In most practical applications, each conductor initially has zero net Lu 

charge, and electrons are transferred from one conductor to the other. 

This is called charging of the conductor. Then, the two conductors have Fig. 25.6 

charges with equal magnitude and opposite sign, and the net charge on 

the capacitor as a whole remains zero. When we say that a capacitor has charge q we 

mean that the conductor at higher potential has charge + q and the conductor at lower 

potential has charge — q. In circuit diagram, a capacitor is represented by two parallel Fig. 25.7 
lines as shown in Fig. 25.7. 

One common way to charge a capacitor is to connect the two conductors to opposite terminals of a 
battery. This gives a fixed potential difference V,, between the conductors, which is just equal to the 


voltage of the battery. The ratio ae is called the capacitance of the capacitor. Hence, 
ab 


L= (capacitance of a capacitor) 
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Calculation of Capacitance 


Give a charge + q to one plate and — q to the other plate. Then, find potential difference V between the 
plates. Now, 


Ea 

V 

Parallel Plate Capacitor 
Two metallic parallel plates of any shape but of same size and separated by a small distance constitute 
parallel plate capacitor. Suppose the area of each plate is A and the separation between the two plates 


is d. Also assume that the space between the plates contains vacuum. 
+q -q 


++++++++++ 
oA tiiiid 
l 
Q 


or 


++++++++++ 2 


(a) 


= 
o 
— 


Fig. 25.8 


We put a charge q on one plate and a charge — q on the other. This can be done either by connecting 
one plate with the positive terminal and the other with negative plate of a battery [as shown in Fig. (a)] 
or by connecting one plate to the earth and by giving a charge + q to the other plate only. This charge 
will induce a charge — q on the earthed plate. The charges will appear on the facing surfaces. The 
charge density on each of these surfaces has a magnitude o = q/A. 

Ifthe plates are large as compared to the separation between them, then the electric field between the 
plates (at point B) is uniform and perpendicular to the plates except for a small region near the edge. 
The magnitude of this uniform field E may be calculated by using the fact that both positive and 
negative plates produce the electric field in the same direction (from positive plate towards negative 
plate) of magnitude o/2£ , and therefore, the net electric field between the plates will be 

[9] o o 


+0 -0 


We 
+t+tt+t+t++t+++++ 
[^ 
Ew. Wu qx o od odi op ad id 
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Outside the plates (at points A and C) the field due to positive sheet of charge and negative sheet of 
charge are in opposite directions. Therefore, net field at these points is zero. 


The potential difference between the plates is 


_ | AE 9 

V d 
EA 
or C2-9— 
d 


Note (i) Instead of two plates if there are n similar plates at equal distances from each other and the alternate 
plates are connected together, the capacitance of the arrangement is given by 


c= C7 D EA 


(ü) From the above relation, it is clear that the capacitance depends only on geometrical factors (A and d). 


Effect of Dielectrics 


Most capacitors have a dielectric between their conducting plates. Placing a solid dielectric between 
the plates of a capacitor serves the following three functions : 
(1) It solves the problem of maintaining two large metal sheets at a very small separation without 
actual contact. 


it 
laifi 


+ 
l 


Mi 


Eo 
Fig. 25.10 


(ii) It increases the maximum possible potential difference which can be applied between the plates 
ofthe capacitor without the dielectric breakdown. Many dielectric materials can tolerate stronger 
electric fields without breakdown than can air. 

(iii) It increases the capacitance of the capacitor. 
When a dielectric material is inserted between the plates (keeping the charge to be constant) the 
electric field and hence the potential difference decreases by a factor K (the dielectric constant of 
the dielectric). 


E 
E= and V =— (When q is constant) 
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Electric field is decreased because an induced charge of the opposite sign ?, I g E 
appears on each surface of the dielectric. This induced charge produces an |; - Eo + - 
electric field inside the dielectric in opposite directions and as a result net |+ - +H - 
electric field is decreased. The induced charge in the dielectric can be |+ F E +] —- 
calculated as under "Lp HT 
+ F + - 
E=E,-E, or —=E,-E, al ale 
K + fF —,» H - 
+ + E +| - 
1 : 
B= Ks 3 Fig. 25.11 
o [e] 1 
Therefore, —2—|I1-— 
Ey Ep K 
1 
or 60; -0|1- — 
K 
1 
or q;-q|l- x 
For a conductor K = œ. Hence, 
q,;=9,0,=0 and E=0 
and otherwise qi <4 
Thus, dj Sq, ©; SO 
Dielectric Conductor 
o P ad t -6 
+ = T = F = 
HH |= + — HT S 
Pu * — d SS 
* " = .Eo* " | E-0 =F " =| 
+ - K+ — —> + - 
^ s kj. + - 
F je 4^ r- 4 7 - 
+ > - 4 7 Lr + E - 
+ - + — + = 
o Fo —06j 6j Fo o o Eo -o 


| 
| 
| 
| 
| 


Q 


d d d 
Fig. 25.12 


Hence, we can conclude the above discussion as under: 


o 
=F) =— q 


DE = 
© €o  A£9 


vacuum 


Gi) E dielectric amI 


Gii) E =0 


conductor 


(here, K = dielectric constant) 


(as K =00) 
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If we plot a graph between potential and distance Potential 
from positive plate, it will be as shown in v,|A 
Fig. 25.13: Modulus of, 


Slope of AB = slope of CD = slope of EF = E, 


E V. 
Slope of BC = 0 
K 


and slope of DE =0 


Further, the potential difference between positive o i : J 3 " i 3 E j * Distance 


and negative plate is Fig. 25.13 


E 
V, -v 7 Eod € ^ d & Eod +0+ Eod 


Eo 
=3E)d+—-d 
K 
Here we have used PD = Ed. (in uniform electric field) 


Capacitance of a Capacitor Partially Filled with Dielectric 


Suppose, a dielectric is partially filled with a dielectric (dielectric constant = K) as shown in figure. If 
a charge q is given to the capacitor, an induced charge q; is developed on the dielectric. 


q -d dj -q 
+ F F] - 
+ |- +| =- " 
E a a e " 
+ l- +| - Fo. 
+ |S +| - => E E 
+ |- +| - 
I — —— a 
+ |- + 
> 
+ - t + 
< > > > 
* [- + 
[E ——————— ——————»i ——— Hr — —3À3 
d t d-t 
Fig. 25.14 
1 
where, d; bey 


Moreover, if E, is the electric field in the region where dielectric is absent, then electric field inside 
the dielectric will be E = E/K. The potential difference between the plates of the capacitor is 


V =V, -V. 2 Et E, (d-t) 


Eg t 


-£(4 T Ec (a iex 
Eo Kj] Ao K 
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Now, as per the definition of capacitance, 
€94 
C= - =-=— ; or C= LT 
d-t+— d-t+— 
K K 


Different Cases 
(i) If more than one dielectric slabs are placed between the capacitor, then 


C= EA 
t t t 
[d dues ef) pt 
Kj K, K, 
(ii) If the slab completely filles the space between the plates, then ¢ = d and 
therefore, 
_€ oA KeA K 
 dK d = 
(iii) If a conducting slab (K = œ) is placed between the plates, then 
C= £94 _ £04 Fig. 25.15 
t PN 
d-t+— a 


This can be explained from the following figure: 


q -qi qi -q q -q 
+ F 4 - * -| 
+ - 4 - + - 
* ET + - * - 
e eg ee = KTE -— 
+ F 4o | = + | => 
+ - 4 - + -| 
+ E +4 - + -| 

HK——4 H 

t d-t 
qdj-q 
Fig. 25.16 


(iv) If the space between the plates is completely filled with a conductor, then t = d and K = œ. 


Em Conductor 
Fig. 25.17 
€94 
Then, c NE = 
d-d+— 
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The significance of infinite capacitance can be explained as under: 


If one of the plates of a capacitor is earthed and the second one is given a charge q, then the whole 
charge transfers to earth and as the capacity of earth is very large compared to the capacitor we can 
say that the capacitance has become infinite. 


ES 
g 
il 
Q 
Q 
Q 


Fig. 25.18 


Alternatively, if the plates of the capacitor are connected to a battery, the current starts flowing in the 
circuit. Thus, is as much charge enters the positive plate of the capacitor, the same charge leaves the 
negative plate. So, we can say, the positive plate can accept infinite amount of charge or its 
capacitance has become infinite. 


Energy Stored in Charged Capacitor 


A charged capacitor stores an electric potential energy in it, which is equal to the work required to 
charge it. This energy can be recovered if the capacitor is allowed to discharge. If the charging is done 
by a battery, electrical energy is stored at the expense of chemical energy of battery. 


Suppose at time f, a charge q is present on the capacitor and V is the potential of the capacitor. If dq 
amount of charge is brought against the forces of the field due to the charge already present on the 
capacitor, the additional work needed will be 


aw ey - (2). (as V =q/C) 
-. Total work to charge a capacitor to a charge qo, 
2 
o| q qdo 
W=|dW= = |-dq=— 
fava (5) ai 


-. Energy stored by a charged capacitor, 


2 
1 1 
U =W= = CV? =-GMy 


2C 2 2 
Thus, if a capacitor is given a charge q, the potential energy stored in it is 
1 lq? d 
U=-cy? =- =-qV 
2 2C 2 


The above relation shows that the charged capacitor is the electrical analog of a stretched spring 


1 . f - 
whose elastic potential energy is 5 Kx?. The charge q is analogous to the elongation x and —, i.e. the 


reciprocal of capacitance to the force constant k. 
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€» Extra Points to Remember 


e Capacitance of a spherical conductor enclosed by an earthed concentric spherical shell 
If a charge q is given to the inner spherical conductor, it spreads over the outer surface of it and a charge 
— q appears on the inner surface of the shell. The electric field is produced only between the two. From the 
principle of generator, the potential difference between the two will depend on the inner charge q only and 
is given by 


" qd dqY. ab 
or @ tne (3-7. anea] Fig. 25.19 


From this expression we see that if b = œ, C = 4nega, which corresponds to that of an isolated sphere, i.e. 
the charged sphere may be regarded as a capacitor in which the outer surface has been removed to 
infinity. 

e Capacitance of a cylindrical capacitor When a metallic cylinder of radius a is placed coaxially inside 
an earthed hollow metallic cylinder of radius b  a)we get cylindrical capacitor. If a charge q is given to the 
inner cylinder, induced charge — q will reach to the inner surface of the outer cylinder. Assume that the 


capacitor is of very large length (/ >> b) so that the lines of force are radial. Using Gauss's law, we can 
prove that 
P. M 
3 E a E 
P. 4 ol 
F + + z 
5 s l. a 
GE 
Fig. 25.20 
À 
E= for a<r<b 
2 1£gl 


Here, A = charge per unit length 
Therefore, the potential difference between the cylinders 


a 
e N aat n(2) 
A boner 2 T£; a 


A _ charge/length _ capacitance _ 27& 
V potential difference length In (b/a) 
Hence, capacitance per unit length — EAE 


In (b/a) 
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© Example 25.6 A parallel-plate capacitor has capacitance of 1.0 F. If the plates 
are 1.0 mm apart, what is the area of the plates? 
Solution >’; C= SoA 
d 
Cd | (00 7) 
£o 8.86x 10°? 


=1.1x 10° m? 


A= 


© Example 25.7 Two parallel plate vacuum capacitors have areas A, and A, 
and equal plate spacing d. Show that when the capacitors are connected in 
parallel, the equivalent capacitance is the same as for a single capacitor with 
plate area A, + A, and spacing d. Note : In parallel C = C, + C3. 


Solution C=C, +C, (in parallel) 
€04 _ £94; " Ey A, 
d d d 
or A=4,+A4, 


© Example 25.8 (a) Two spheres have radii a and b and their centres are at a 
distance d apart. Show that the capacitance of this system is 


_ AMES 
EPET T 
a b d 


provided that d is large compared with a and b. 
(b) Show that as d approaches infinity the above result reduces to that of two isolated 


spheres in series. Note : In series, E: = ES T—. 
C à C, 


Solution (a) PD, V-J,-V, 


Fig. 25.21 


"E (2 s) (=! M 2) 
4n£o|vVa d b d 

q ANE 9 

V 1 T 1 2 


C = 
a b d 
If — q is given to first sphere and + q to second sphere, then 
ANE, 
NES 


2 
dc 
a b d 
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4n£y  (4n£g) (ab) 


(b) If d — e, then C= 
1,1 a+b 


a b 
CiC; | (4T € a) (4T €ọb) (4n£o)ab 
C, +C,  (4m£ga)-* (4n£gb) a+b 


In series, C Hence Proved. 


net 


INTRODUCTORY EXERCISE 


1. A capacitor has a capacitance of 7.28 uF. What amount of charge must be placed on each of its 
plates to make the potential difference between its plates equal to 25.0 V? 

2. A parallel plate air capacitor of capacitance 245 uF has a charge of magnitude 0.148 uC on each 
plate. The plates are 0.328 mm apart. 

(a) What is the potential difference between the plates? 
(b) What is the area of each plate? 
(c) What is the surface charge density on each plate? 

3. Two parallel plates have equal and opposite charges. When the space between the plates is 
evacuated, the electric field is E 2 3.20 x 10? V/m. When the space is filled with dielectric, the 
electric field is E = 2.50 x 10? V/m. 

(a) What is the dielectric constant? 
(b) What is the charge density on each surface of the dielectric? 


25.4 Mechanical Force on a Charged Conductor 


We know that similar charges repel each other, hence the charge on any part of p) E 
surface of the conductor is repelled by the charge on its remaining part. The e n 
surface of the conductor thus experiences a mechanical force. AS 


The electric field at any point P near the conductor's surface can be assumed 
as due to a small part of the surface of area say AS immediately in the 
neighbourhood of the point under consideration and due to the rest of the 
surface. Let E, and E, be the field intensities due to these parts respectively. 


Then, total electric field, E=E, +E, 


E has a magnitude o/e , at any point P just outside the conductor and is zero at point Q just inside the 
conductor. Thus, 


Fig. 25.22 


and E —E,=0 atQ 


Hence, the force experienced by small surface of area AS due to the charge on the rest of the surface is 
(6^) (AS) 


F =qE, - (0585) (E;)- ae 
0 
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Force F o? 1 2 
= = == oE 

Area AS 2g, 2 

Force E 1 p? 

Area 2 9 


Force between the Plates of a Capacitor 
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[s 23 
£9 


Consider a parallel plate capacitor with plate area A. Suppose a positive charge q is given to one plate 
and a negative charge — q to the other plate. The electric field on the negative plate due to positive 


charge is 
pci 4 
2€) 2AE_ 


The magnitude of force on the charge in negative plate is 


2 
q 


~ 246, 


F=qE 


This is the force with which both the plates attract each other. Thus, 


2 
q 


F= 
24£, 


© Example 25.9 A capacitor is given a charge q. The distance between the plates 
of the capacitor is d. One of the plates is fixed and the other plate is moved 
away from the other till the distance between them becomes 2d. Find the work 


done by the external force. 


Solution When one plate is fixed, the other is attracted towards the first with a force 


2 


F= q = constant 


- 24£, 


Hence, an external force of same magnitude will have to be applied in opposite direction to 


increase the separation between the plates. 


qed 
W =F (2d - d) = 
A£o 
Alternate solution W =AU =U; -U; = 1 
i 2C, 2C, 
A 
Here, C,- fas and C; Spe 
2d d 
Substituting in Eq. (1), we have 
q^ d' _ _ qd 


2 £9 A4 2 £9A 289A 
2d d 


Ans. 


(i) 


Ans. 
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25.5 Capacitors in Series and Parallel 


In Series C4 B 


q 
| | | 
+| J= +| [- +] [= 
q q C 
p————»» p» 
V V2 => 
+0 < V x 6— + @ «————— V ——6- 
Fig. 25.24 


Ina series connection, the magnitude of charge on all plates is same. The potential is distributed in the 
inverse ratio of the capacity (as V — q/C or V e1/ C). Thus, in the figure, if a potential difference V 
is applied across the two capacitors C, and C,, then 


A ley 
y, C 
C e 
or V,-|—3—|V and V,2|——À— V 
C; * C, C, +C, 
Further, in the figure, V=V,4+V, or LEN RENS M 
C Ci GG 
1 | 1 
or eee NEUE 
C C, C; 


Here, C is the equivalent capacitance. 
The equivalent capacitance of the series combination is defined as the capacitance of a single 
capacitor for which the charge q is the same as for the combination, when the same potential 
difference V is applied across it. In other words, the combination can be replaced by an equivalent 
capacitor of capacitance C. We can extend this analysis to any number of capacitors in series. We find 
the following result for the equivalent capacitance. 

I A 1 1 


=—+—+— H+... 
oo Co 


Following points are important in case of series combination of capacitors. 
(i) Inaseries connection, the equivalent capacitance is always less than any individual capacitance. 
(ii) For the equivalent capacitance of two capacitors it is better to remember the following form 


_ aC, 
Ex 
For example, equivalent capacitance of two capacitors C, 2 6uF and C, =3 UF is 
C,C 
Ca — a uF =2uUF 
C; *C, \6+3 


(iii) If capacitors of equal capacity C are connected in series, then their equivalent capacitance is — . 
n 
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6 Example 25.10 In the circuit shown in figure, find 
2 uF 3 uF 


|i 
100 V 
Fig. 25.25 
(a) the equivalent capacitance, 
(b) the charge stored in each capacitor and 
(c) the potential difference across each capacitor. 


Solution (a) The equivalent capacitance 2 uF 3 WF 
n JH 
C, +C, q AN 
Vi Vo 
or eo 1.2uF Ans. | 
2+3 |! 
100 V 
(b) The charge q stored in each capacitor is . 
3 Fig. 25.26 
q=CV =(1.2x 10 ) (100) C 
= 120 uC Ans. 
Vi C 
(c) In series combination, V ec L ür = 
V, Ci 
cue yd aggysegv 
C; +C, 2+3 
and V, =V - V, 2100— 60 2 40V Ans. 
In Parallel C; 
i q 
q 
. H LE . 
C»? E | [C 
3 = k V >| 
q2 
+ @< V -i 
Fig. 25.27 


The arrangement shown in figure is called a parallel connection. In a parallel combination, the 
potential difference for all individual capacitors is the same and the total charge q is distributed in the 
ratio of their capacities. (as q = CV or q « C for same potential difference). Thus, 

i AS 

q2 Cy 
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C, , C; 
Or =| ———_ an =| ——— 
"o J* coal one ota 
The parallel combination is equivalent to a single capacitor with the same total charge q = q, + q2 
and potential difference V. 


Thus, q-qitq» 
Or CV =CV «CV 
Or C=C, +C, 


In the same way, we can show that for any number of capacitors in parallel, 
C=C, tC, +C, Fres 


In a parallel combination, the equivalent capacitance is always greater than any individual 
capacitance. 


© Example 25.11 In the circuit shown in figure, find 


1 uF 
2 uF 
3 uF 

|i 

100 V 

Fig. 25.28 


(a) the equivalent capacitance and 
(b) the charge stored in each capacitor. 
Solution (a) The capacitors are in parallel. Hence, the equivalent capacitance is 
C=C, +C, +C, 

or C=(1+2+3)=6uF Ans. 

(b) Total charge drawn from the battery, 
q=CV = 6x 100uC = 600uC 
This charge will be distributed in the ratio of their capacities. Hence, 
qı 292 293 2C :C$5 :C4, =1:2:3 


1 
= x 600 = 100uC 
a (5) j 


2 
= x 600 = 200 uC 
n mn à 


and q3 = 2 x 600 = 300 uC Ans. 
1-243 
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Alternate solution Since the capacitors are in parallel, the PD across each of them is 100 V. 
Therefore, from q = CV, the charge stored in 1uF capacitor is 100 uC, in 2 uF capacitor is 200 uC 
and that in 3 uF capacitor is 300 uC. 


INTRODUCTORY EXERCISE 


1. Find charges on different capacitors. 


3uF | [— 7M 


25.6 Two Laws in Capacitors 


Like an electric circuit having resistances and batteries in a complex circuit containing capacitors and 
the batteries charges on different capacitors can be obtained with the help of Kirchhoff 's laws. 


First Law 
This law is basically law of conservation of charge which is normally applied across a battery or in an 
isolated system. 
(1) In case of a battery, both terminals of the battery supply equal amount of charge. 
(ii) In an isolated system (not connected to any source of charge like terminal of a battery or earth) 
net charge remains constant. 
For example, in the Fig. 25.31, the positive terminal of the battery supplies a positive charge q, + q2. 
Similarly, the negative terminal supplies a negative charge of magnitude q} + q4. Hence, 
qı +92 743 +94 
Further, the plates enclosed by the dotted lines form an isolated system, as they are neither connected 
to a battery terminal nor to the earth. Initially, no charge was present in these plates. Hence, after 
charging net charge on these plates should also be zero. Or, 


d3 tds -qij 7-0 and q4—-45-45-0 
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So, these are the three equations which can be obtained from the first law. 
Cy 77077 Us 03 


G re M B H 
ML sp +1) T= 
Qi. Its v p. 
B eese E 
C2 T oT TE 
| Ft f= D ; J 
Qa Sn “on 
A |i F 
V 
Fig. 25.31 


Second Law 
In a capacitor, potential drops by q/C when one moves from positive plate to the negative plate and in 
a battery it drops by an amount equal to the emf of the battery. Applying second law in loop 
ABGHEFA, we have 

4 ds 

C, C; 


Similarly, the second law in loop GMDIG gives the equation, 


+V=0 


Ji ds. di ig 


G C G 
© Example 25.12 Find the charges on the three capacitors shown in figure. 
2 uF 4 uF 
| | | | 
| | il m 
6 uF 
10V 20V 
Fig. 25.32 
Solution Let the charges in three capacitors be as 2 uF 4 uF 
a | M | | D 
shown in Fig. 25.33. B zi =| rn 
Charge supplied by 10 V battery is q; and that from 20 V n Je ae 
battery is g,. Thus, 6 uF mu 
qı +42 743 e) i i E 
This relation can also be obtained by a different method. P 7 F "mr 
The charges on the three plates which are in contact add Hig Beas 
ig. 25. 


to zero. Because these plates taken together form an 
isolated system which can’t receive charges from the batteries. Thus, 


93-1 -— 42 =9 
or 93 =q +42 
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Applying second law in loops BMFAB and MDEFM, we have 


-Ah 83 19-0 
6 


2 
or Q5 + 3q; =60 ...(ii) 
and B 34S 
4 6 
Or 3q, + 2q, = 240 ...(iii) 
Solving the above three equations, we have n uC mouc 
10 Fells SES -| Lt 
=— uC | | 
di 3 u 
p 
140 50 pC 
qa —— HC = 
i | | 
and = 50uC |! ' 
l l MEA 10 V 20 V 
Thus, charges on different capacitors are as shown in : 
p Fig. 25.34 
Fig. 25.34. 


Note In the problem q, q; and qs are already in microcoulombs. 


25.7 Energy Density (u) 


The potential energy of a charged conductor or a capacitor is stored in the electric field. The energy 
per unit volume is called the energy density (u). Energy density in a dielectric medium is given by 


1 
u= ~€ KE d 
2 
This relation shows that the energy stored per unit volume depends on E ? If E is the electric field ina 
space of volume dV, then the total stored energy in an electrostatic field is given by 


1 2 
U -;eK[E dV 


and if E 1s uniform throughout the volume (electric field between the plates of a capacitor is almost 
uniform), then the total stored energy can be given by 


1 
U =u (Total volume) = 2 Ke ,E°V 


© Example 25.13 Using the concept of energy density, find the total energy 
stored ina 
(a) parallel plate capacitor 
(6) charged spherical conductor. 
Solution (a) Electric field is uniform between the plates of the capacitor. The magnitude of 
this field is 
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Se ipe ad 
£y — A£p +—- 
+ — — 
Therefore, the energy density (u) should also be constant. gég [F——**|. gà 
+ —— — 
1 : = 
2 2A" £p H mde 
. Total stored energy, * E z 
U = (u) (total volume) T fo 
: : Fig. 25.35 
= T (A-d)=— 4 — 'g 
A Ep 2 A£p 
d 
2 
PT = asC= A£ 
2C d 
2 
U= Ans 
2C 


(b) In case of a spherical conductor (of radius R) the excess charge resides on the outer surface 
of the conductor. The field inside the conductor is zero. It extends from surface to infinity. 
And since the potential energy is stored in the field only, it will be stored in the region 
extending from surface to infinity. But as the field is non-uniform, the energy density u is 
also non-uniform. So, the total energy will be calculated by integration. Electric field at a 
distance r from the centre is 


g- l 4 
ANE) 7? 


l 2 
u(r)2 £9 E 
(r) 5&0 


1 1 ? 
q 
2 ANE, yro 


Energy stored in a volum dV = (47r? ) dris 


dU -udV emm aoe 
Total energy stored, U = |l. dU ra 


Substituting the values, we get i i —: uM 
M e 
2 (4nggR) 
q^ Mese em 
or U- 20 Ans. Fig. 25.37 


(as C = 4m€)R) 
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25.8 C-R Circuits 
Charging of a Capacitor in C-R Circuit 


To understand the charging of a capacitor in C-R circuit, let us first consider the charging of a 
capacitor without resistance. 


C Qo-7 CV 


Lad be 


Fig. 25.38 


Consider a capacitor connected to a battery of emf V through a switch S. When we close the switch the 
capacitor gets charged immediately. Charging takes no time. A charge gy — CV appears in the 
capacitor as soon as switch is closed and the q-t graph in this case is a straight line parallel to t-axis as 
shown in Fig. 25.39 


q, 
qo 
>t 
Fig. 25.39 
If there is some resistance in the circuit charging takes some time. Because | | W- 
resistance opposes the charging (or current flow in the circuit). Final charge C m 
(called steady state charge) is still qo but it is acquired after a long period of | 
time. The q-t equation in this case is s lt 
-il i 
q-7q, l-e 1c) Fig. 25.40 


Here, gy =CV and t, =CR = time constant. 


>t 


Fig. 25.41 


q-t graph is an exponentially increasing graph. The charge q increases exponentially from 0 to go. 
From the graph and equation, we see that 
at t=0, g=0 andat t=~, q=q9 
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Definition of c, 
Att=tc, q =q (1 e!)2«0.632 qo 
Hence, Tç can be defined as the time in which 63.2% charging is over. Note that t. is the time. 
Hence, [tc ] ? [time] 
or [CR] - [M?I? T] 
Proof: Now, let us derive the q-t relation discussed above. 


Suppose the switch is closed at time t=0. At some instant of time, let charge in the capacitor is 
q (< qo) and it is still increasing and hence current is flowing in the circuit. 


Applying loop law in ABEDA, we get 


-£ .ig4y-0 Us R 
C B Hi W- E 
C 
Here, ji i} Y 
dt 
d A < | | < D 
£ (Devo ly 
C dt Fig. 25.42 
dq | dt 
pe = 
C 
d 
: T 
y 4 
C 
MET 
This gives q=CV (l-e ®) 
Substituting CV = q and CR =Tç, we have 
q=qo (l-e "). 


Charging Current 
Current flows in a C-R circuit during charging of a capacitor. Once charging is over or the steady state 
condition is reached the current becomes zero. The current at any time ¢ can be calculated by 
differentiating q with respect to t. Hence, 


. dq d — t/t, 
= — = — [= C 
j= B=“ quce y 
Or jaiye 
Te 


Substituting gy = CV and t. = CR, we have 
V e t/t 
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' E zs "a 
By letting, — — ig i-ige tc 
R 
i.e. current decreases exponentially with time. E 


The i-t graph is as shown in Fig. 25.43. 


= ua : 
Here, ij = T is the current at time / =0. This is the current which would had 
>t 


been in the absence of capacitor in the circuit. 
Fig. 25.43 


Discharging of a Capacitor in C-R Circuit 


To understand discharging through a C-R circuit again we first consider the discharging without 
resistance. 


Suppose a capacitor has a charge gy. The positive plate do q-0 
has a charge + gy and negative plate — qq. It implies that || 
the positive plate has deficiency of electrons and negative => 
plate has excess of electrons. When the switch is closed, 
the extra electrons on negative plate immediately rush to S 
the positive plate and net charge on both plates becomes Fig. 25.44 
zero. So, we can say that discharging takes place 

immediately. 


In case ofa C-R circuit, discharging also takes time. Final charge on the capacitor is still zero but after 
sufficiently long period of time. The q-t equation in this case is 
d m 
| 


S 
Fig. 25.45 


F= We idis 1 


Thus, q decreases exponentially from q, to zero, as shown in Fig. 25.46. 
From the graph and the equation, we see that 
At t=0, q-qQ 


j = 
At t=œ, g=0. t=t, 
Fig. 25.46 


0.368 qo 


>t 


Definition of Time Constant (7, ) 
In case of discharging, definition of t is changed. 
At time t - tc, 
q =q | 20.368 qq 


Hence, in this case Tç can be defined as the time when charge reduces to 36.8% of its maximum 
value qo. 
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Discharging Current 


During discharging, current flows in the circuit till g becomes zero. This current can be found by 
differentiating g with respect to ¢ but with negative sign because charge is decreasing with time. So, 


d d ] 
(S) Seen | 


dt dt io 
— do e ("c 
Tc 
E . >t 
By letting, 1- io 
Te Fig. 25.47 
We have, i-iye "c 


This is an exponentially decreasing equation. Thus, i-t graph decreases exponentially with time from 
iy to 0. The i-t graph is as shown in Fig. 25.47. 


25.9 Methods of Finding Equivalent Resistance and Capacitance 


We know that in series, 
Reg HR +R +... tk, 


e 


1 
and — T 
Ca C C, C 


and in parallel, mo ous de 
R R, R, R 
and Ceg 70i t Cy +... +C, 


Sometimes there are circuits in which resistances/capacitors are in mixed grouping. To find Req or 
C, for such circuits few methods are suggested here which will help you in finding Req or C.,. 


Method of Same Potential 


Give any arbitrary potentials (V, , V», ... etc.) to all terminals of capacitors/resistors. But notice that the 
points connected directly by a conducting wire will have at the same potential. The 
capacitors/resistors having the same PD are in parallel. Make a table corresponding to the figure. 
Now, corresponding to this table a simplified figure can be formed and from this figure C,, and Req 
can be calculated. 


6 Example 25.14 Find equivalent capacitance between points A and B as shown 
in figure. 


o— 


Fig. 25.48 
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Solution Three capacitors have PD, V; — V5. So, they are in parallel. Their equivalent 
capacitance is 3C. 


| | | | | | | | | eB 
vı vil Iv, Vol V, vv, | Vol Va Val Vo Vol V4 Va 


Fig. 25.49 


Two capacitors have PD, V, — V5. So, their equivalent capacitance is 2C and lastly there is one 
capacitor across which PD is V, — V4. So, let us make a table corresponding to this information. 


Table 25.1 
PD Capacitance 
y eV. 3C 
V-V 2C 
V-V, C 


Now, corresponding to this table, we make a simple figure as shown in Fig. 25.50. 


C 
0B 


all 


A* 
Fig. 25.50 


As we have to find the equivalent capacitance between points A and B, across which PD is 
V, — V4. From the simplified figure, we can see that the capacitor of capacitance 2C is out of the 
circuit and points A and B are as shown. Now, 3C and C are in series and their equivalent 
capacitance is 
3C)(C 3 
COC . 3. 


ae = Ans. 
3 3C+C 4 


EXERCISE Find equivalent capacitance between points A and B. 


MII 


Fig. 25.51 


HINT Jn case PD across any capacitor comes out to be zero (i.e. the plates are short circuited), then 
this capacitor will not store charge. So ignore this capacitor. 


3 
EC 
4 
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EXERCISE Jdentical metal plates are located in air at equal distance d from one another as 
shown in figure. The area of each plate is A. Find the capacitance of the system between points P 
and Q if plates are interconnected as shown. 


Q 
(a) (b) 
(c) (d) 
Fig. 25.52 
2 £94 3£94 2€ A 3€ A 
im we gos dj 5598 
Edel Og Oa @ 7 


EXERCISE Find equivalent resistance between A and B. 


A «— —NW- W- W- °B 
22 6Q 30 
Fig. 25.53 


Ans. 1Q 
EXERCISE Find equivalent capacitance between points A and B. 


Fig. 25.54 


Ans. 3 
3 


Infinite Series Problems 


This circuit consists of an infinite series of identical loops. To find C, or Req of such a series first we 
consider by ourself a value (say x) of C,, or Req- Then, we break the chain in such a manner that only 
one loop is left with us and in place of the remaining portion we connect a capacitor or resistor x. 
Then, we find the C,, or Req and put it equal to x. With this we get a quadratic equation in x. By 
solving this equation, we can find the desired value of x. 
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© Example 25.15 An infinite ladder network is constructed with 1Q and 2 Q 
resistors as shown. Find the equivalent resistance between points A and B. 


19 19 12 
Ae— Ww WW Wie 
203 E 203 —-+ 
B e—_______1 ne 
Fig. 25.55 


Solution Let the equivalent resistance between A and B is x. We A... AW 
may consider the given circuit as shown in Fig. 25.56. 


In this diagram, 20 x 
Bi ec d Or gne ed (as Rug =X) pe 
2+x 2+x : 
Fig. 25.56 

or x(2+x)=2x+2+x or x? -x-2-20 

14+1+8 

x = —— =- 1Q and 2Q 
2 

Ignoring the negative value, we have Ry, =x=2Q Ans. 


Note Care should be taken while breaking the chain. It should be broken from those points from where the 
broken chain resembles with the original chain. 


Ry F4 R4 Fà 
—Ww- WW WW 
res R, 3 Ro 3 T "m Ro Š, 
- 
Ry Ry Ri 
res Ro 3 Ro 3 RESAS oo — Ro Š, 
Fig. 25.57 
EXERCISE Find equivalent resistance between A and B. 
R kR KR 
A*——ÀW- WW WW 
re kR š KR 3 — oo 
Bada re 
Fig. 25.58 


HINT Let R45 =x, then the resistance of the broken chain will be kx. 


Ans. R[Qk-1) + 4k? +1]/2k 
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Method of Symmetry 


Symmetry of a circuit can be checked in the following four manners : 

1. Points which are symmetrically located about the starting and last points are at same potentials. 
So, the resistances/capacitors between these points can be ignored. The following example will 
illustrate the theory. 


© Example 25.16 Twelve resistors each of resistance r are connected together so 

that each lies along the edge of the cube as shown in figure. Find the equivalent 
resistance between 

6 


4 
Fig. 25.59 


(a) land 4 (b) land 3 


Solution (a) Between 1 and 4: Points 2 and 5 are 1 MM 
symmetrically located w.r.t. points 1 and 4. So, they are at 
same potentials. 


Similarly, points 3 and 8 are also symmetrically located 
w.r.t. points 1 and 4. So, they are again at same potential. 


Now, we have 12 resistors each of resistance r connected 
across 1 and 2, 2 and 3,..., etc. So, redrawing them with the 
assumption that 2 and 5 are at same potential and 3 and 8 
are at same potential. The new figure is as shown in 
Fig.25.60. 


Now, we had to find the equivalent resistance between Fig. 25.60 
1 and 4. We can now simplify the circuit as 


4 


k 
WW- 
rl 
2,5 rl2 3,8 
=W- -AW- 
2 


| WW 


r/2 


2 > 
: 
1 jd 4 
1 
=> Š 


-NW- 
W- L 


7 
Bf 


et 


Fig. 25.61 


Thus, the equivalent resistance between points | and 4 is Z r. Ans. 
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(b) Between 1 and 3: Points 6 and 8 are symmetrically located w.r.t. points 1 and 3. 
Similarly, points 2 and 4 are located symmetrically w.r.t. points 1 and 3. So, points 6 and 8 
are at same potential. Similarly, 2 and 4 are at same potentials. Redrawing the simple circuit, 
we have Fig. 25.62. 


Fig. 25.62 Fig. 25.63 


Between 1 and 3, a balanced Wheatstone bridge is formed as shown in Fig. 25.63. 
So, the resistance between 2 and 6 and between 4 and 8 can be removed. 


wer 
Co 


Fig. 25.64 


: : .03 
Thus, the equivalent resistance between | and 3 is a r. Ans. 


EXERCISE Fourteen identical resistors each of resistance r 
are connected as shown. Calculate equivalent resistance 
between A and B. 


Ans. 1.27 A B 
Fig. 25.65 

EXERCISE Eight identical resistances r each are connected along o 
edges of a pyramid having square base ABCD as shown. Calculate 
equivalent resistance between A and O. B 

Tr 
Ans. — š 

15 

A AWW- D 


Fig. 25.66 
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2. Ifpoints A and B are connected to a battery and AB is a line of symmetry, then all points lying on 
perpendiculars drawn to AB are at the same potential. For example, 


Fig. 25.67 


In Fig. 25.67, points (1, 2), (3, 4, 5) and (6, 7) are at same potential. So, we can join these points 
and draw a simple circuit as shown in Fig. 25.68. 
r 


r r F 
wwe"? ~w- V ww $7 Wye 
ak WW WW Xe 
WW -Mw- WV WW 
F f F 
WW WW 
r ff 


r 


Fig. 25.68 


Now, the equivalent of this series combination is 
Fr r fY 3r 
ac eS 
2.4 4 2 2 


EXERCISE Solve the same problem by connection removal method (will be discussed later). 


R 


3. Even if AB is not a line of symmetry but its perpendicular bisector is, then all the points on this 
perpendicular bisector are at the same potential. 


For example, 


WWW WWW 
www => ww 
r r r r 
aiw ANN—B Aww 
r r r r 
(a) (b) 

Fig. 25.69 


In Fig. (a), AB is not a line of symmetry but, 1, 2 and 3 are line of symmetry. Hence, they are at 
same potential (if A and B are connected to a battery). This makes the resistors between | & 2 and 
2 and 3 redundant because no current flows through them. So, the resistance between them can be 
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removed [as shown in Fig. (b)]. The equivalent resistance between A and B can now be easily 
: 5 
determined as a : 


4. Each wire in the cube has a resistance r. We df 


are interested in calculating the equivalent 
resistance between A and B. 

This is a three-dimensional case and in 
place of a line of symmetry involving points 
A and B we locate a plane of symmetry 
involving A and B. 


Such a plane is the plane ABce and for this 
plane points d and f and g and h have the 
same i (a) (b) 
potential. 

The equivalent resistance between A and B Fig. 25.70 
can now be easily worked out (Using 


Wheatstone’s bridge principle) as 


Connection Removal Method 


This method is useful when the circuit diagram is symmetric except for the fact that the input and 
output are reversed. That is the flow of current is a mirror image between input and output above a 
particular axis. In such cases, some junctions are unnecessarily made. Even if we remove that 
junction there is no difference in the remaining circuit or current distribution. But after removing the 
junction, the problem becomes very simple. The following example illustrates the theory. 


© Example 25.17 Find the equivalent resistance between points A and B. 
r 


-MW- 


Fig. 25.71 


Solution 


“Wi 


eB 


WwW- 
Fig. 25.72 


Input and output circuits are mirror images of each other about the dotted line as shown. 
So, if a current i enters from A and leaves from B, it will distribute as shown below. 
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eB 


Fig. 25.73 


Now, we can see in figure that the junction where i, and i, are meeting can be removed easily 
and then the circuit becomes simple. 


er 
W- 
> 
e e e -AW- e 
A B A 2r B 
=> Ae WW- ° B 
8, 
7 
Fig. 25.74 
: f . 8 
Hence, the equivalent resistance between A and B is 7 vz Ans. 


EXERCISE Eight identical resistances r each are connected as shown. Find equivalent resistance 
between A and D. 


O 


A D 
Fig. 25.75 


8r 

15 

EXERCISE Twelve resistors each of resistance r are connected as shown. Find equivalent 
resistance between A and B. 


Ans. 


Ae °B 


Fig. 25.76 
Ans. (4/5)r 
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EXERCISE Find equivalent resistance between A and B. 


Ae 


°B 


Fig. 25.77 


ao 
3 


Ans. 


Wheatstone Bridge Circuits 


Wheatstone bridge in case of resistors has already been discussed in the E 
chapter of current electricity. Cy LY C2 
For capacitor, theory is same. 


Cp € == e 
f2, bridge is said to be balanced and in that case 5 


C 
2 4 à ©, 
Ve =Vp or Vg-Vp o Vggp-0 


i.e. no charge is stored in C;. Hence, it can be removed from the circuit. |j D 
uu l CR C | 
EXERCISE In the circuit shown in figure, prove that V,, =0 P = ct Fig. 25.78 
2 1 
A 
C C2 
R 
R1 Ro 
B 
| 
E 
Fig. 25.79 


By Distributing Current/Charge 


Sometimes none of the above five methods is applicable. So, this one is the last and final method 
which can be applied everywhere. Of course this method is a little bit lengthy but is applicable 
everywhere, under all conditions. In this method, we assume a main current/charge, i or q. Distribute 
it in different resistors/capacitors as ij, i)... (or q1, q5, ..., etc). Using Kirchhoff's laws, we find 
ij, i5, ... etc., (OF q1, q5,..., etc) in terms of i (or q). Then, find the potential difference between 
starting and end points through any path and equate it with iR aet or q/C,,. By doing so, we can 


calculate R pet or C het- 
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The following example is in support of the theory. 


6 Example 25.18 Find the equivalent capacitance between A and B. 


C 2C 
| | 


| T | 


2C eB 


A e——3À 


Fig. 25.80 


Solution The given circuit forms a Wheatstone bridge. But the bridge is not balanced. Let us 
suppose point A is connected to the positive terminal of a battery and B to the negative terminal 
of the same battery; so that a total charge q is stored in the capacitors. Just by seeing input and 
output symmetry, we can say that charges will be distributed as shown below. 


C 92 
n s 
+ [= FRS 
dik PE 
Ae— c eet L——e B 
— ds 
2C C 
# | [= +| |= 
[| [| 
q2 q1 
Fig. 25.81 
qatqa =q s) 
Applying second law, we have 
1 3 + d2 _ 0 
C 2C. 2€ 
Or d2 — q3 — 2q, =9 (11) 
Plates inside the dotted line form an isolated system. Hence, 
Solving these three equations, we have 
2 3 q 
= — P = — and L——-— 
di 5 d. {2 5 q 93 5 
Now, let Coq be the equivalent capacitance between A and B. Then, 
q di q2 
Va -Vg = + 
1 P cA 2C 
q 2q | 3q _ 4q 
Ca 5C 10C 10C 
C., = We Ans. 
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Final Touch Points 


1. Now, onwards we will come across the following integration very frequently. So, remember the result 


as such. 
x dx t a -bct 
If =| cat, then x=—(1-e 
loa — bx k p 
and if È ae j cdt, then x=ĉ- (2 - xo) gru 
xoa-bx 0 b Ab 


Here, a, b and c are constants. 
2. Sometimes a physical quantity x decreases from x, to x», exponentially, then x-t equation is like 


x 
Xi poreeee reese ses i 


x2 


Kt 


X = Xp +(X- Xo) @ 
Here, K is a constant. 
Similarly, if x increases from x; to x, exponentially, then x-t equation is 
x =X t (47 x,)(1- e) 

3. Leakage Current Through a Capacitor The space between the capacitor's plates is filled with a 
dielectric and we assume that no current flows through it when the capacitor is connected to a battery 
as in figure (a) or if the capacitor is charged, the charge on its plates remains forever. But every 
insulator has some conductivity. On account of which some current flows through the capacitor if 
connected to a battery. This small current is known as the leakage current. Similarly, when it is 
charged, the charge does not remain as it is for a long period of time. But it starts discharging. Or we 
can say it becomes a case of discharging of a capacitor in C-F circuit. 


In both the cases, we will first find the resistance of the dielectric. 


= ! (o = specific conductance) 


oA 
Here, | =d (the distance between the plates of the capacitor) 
d d 
Re. R-2— 
oA E EN ^7 
Thus, the leakage current in the circuit shown in the figure is il ld {i 
V 
I =— | 
R | 
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Similarly, if the capacitor is given a charge qj at time t = O, then after time t, q charge will remain on it, 


where 
q-qgge "c (Discharging of a capacitor) 
+ = + = 
8E—- A 
qo q 
At t=0 At t=t 
Here, tc =CR= (£4) ( E or To= Keo 
d oA 6 


4. If capacitors are in series, then charges on them are equal, provided they are 
initially uncharged. This can be proved by the following illustration : 


Let us suppose that charges on two capacitors are q4 and qs. The two plates 
encircled by dotted lines form an isolated system. So, net charge on them will 
remain constant. 


Eq, = Eq; 
If initially they are uncharged, then 
Xq; =0 
xq; is also zero 
or -q+ q2 =0 or qq-q, 


So, this proves that charges are equal if initially they are uncharged. 
5. Independent parallel circuit 


b l C 


Three circuits shown in figure are independently connected in parallel with the battery. Potential 
difference across each of the circuit is V. By this potential difference, capacitor C, is immediately 
charged. Capacitor C, is exponentially charged and current grows immediately in H4. Thus, 
qc, - CV (immediately) 
t 


qo, -CW (1- e &2) 


=— immediatel 
R, ( y) 


Note /f any resistance or capacitance is connected between abcd, then it no longer remains an independent 
parallel circuit. 


solved Examples 


TYPED PROBLEMS 


Type 1. /n a complex capacitor circuit method of finding values of q and V across different 
capacitors if values across one capacitor are known 


Concept 
In series, q is same and V distributes in inverse ratio of capacity. 
As, Vol m Veo (g is same) 
C C 


If capacitance is double, then V will be half. 

In parallel, V is same and q distributes in direct ratio of capacity. 

As, q-CV — q«C (V is same) 
If Cis double, then q is also double. 


6 Example 1 9uF 5 uF 
4uF II I] 


In the circuit shown in figure potential difference across 3uF is 10 V. Find potential 
difference and charge stored in different capacitors. Also find emf of the battery E. 
Solution The given circuit can be simplified as under 


4uF 12 uF 6 uF 


VW: 4uFis à rd of 12 uF. Therefore, V; is thrice of 10 V or 30 V. 


Va: 6uF is half of 12 uF. Therefore, V; is twice of 10 V or 20 V. 
E=V,+10+V, 
= 380+ 10+ 20 
=60 V Ans. 
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Potential difference and charge on different capacitors in tabular form are given below. 
Table 25.2 


Capacitance Potential difference Charge q = CV 


4uF 30V 1204C 
9uF 10V 90uC 
3uF 10V 30 uC 
5uF 20V 1004C 
1uF 20V 204C 


Type 2. Configuration of capacitor is changed and change in five quantities q, C, V, U and E is asked 


Concept 
Some problems are asked when a capacitor is charged through a battery and then the 
configuration of capacitor is changed : 
(1) either by inserting a dielectric slab or removing the slab (if it already exists) or 
(ii) by changing the distance between the plates of capacitor or 
(iii) by both. 
The questions will be based on the change in electric field, potential, etc. In such problems, 
two cases are possible. 
Case1 When battery is removed after charging 
If the battery is removed after charging, then the charge stored in the capacitor remains 
constant. 
q = constant 


First of all, find the change in capacitance and according to the formula find the change in 
other quantities. 


© Example 2 An air capacitor is first charged through a battery. The charging 
battery is then removed and a dielectric slab of dielectric constant K = 4 is 
inserted between the plates. Simultaneously, the distance between the plates is 
reduced to half, then find change in C, E, V and U. 


Solution Change in capacitance, C= zs ec F 
Capacitance will become 8 times [x =4, d= s) 


Change in electric field 


or E x — Gf q = constant) 


or the electric field will become ri times its initial value. 
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Change in potential difference, 


V= 


or ec C Gf q = constant) 


Therefore, potential difference becomes * times of its initial value. 


Alternate method 
V = Ed 


Electric field has become times its initial value and d is reduced to half. Hence, V becomes 
L times. 
8 


Change in stored potential energy, 


bo 


iq 
2C 
E! 


U= 


or U œ (if q = constant ) 


: : ; . d 
Capacitance has become 8 times. Therefore, the stored potential energy U will become E times. 


Case2., When battery remains connected 
If the battery remains connected, the potential difference V becomes constant. So, in the 
above example, capacitance will become 8 times. 


The charge stored (q= CV or q œC) will also increase to 8 times. The electric field 
(z = Y or Ex 2) becomes twice and the stored PE (v = - CV? or U « c) is 8 times. 


Type 3. 7o find self energy of a system of charges 


Concept 
The self energy of a system of charges is 
q 
U, =| , Vag 


2 


This comes out to be equal to B in case of a capacitor or conductor. 


A point charge does not have any self energy. 


6 Example 3 Find the electric potential energy of a uniformly charged sphere. 


Solution Consider a uniformly charged sphere of radius R having a total charge gy. The 
volume charge density is 


278 * Electricity and Magnetism 
When the radius of the sphere is r, the charge contained in it is 
4 3 Qo 3 
=|—ar =|— |r 
: B ) à E 


q qo 2 
V =—= r 
Ane or 4ne,R° 


The potential at the surface is 


The charge needed to increase the radius from r tor + dris 
dq = (nr?) drp 


340 3 
-—2.p'dr 
R 
-. The self energy of the sphere is 
R 
U, =f V dq 
R| do 2 (= 2 ) 
= p : ^ dr 
J, Er | n 
2 
- 3qo Ans. 
20 ne R 


© Example 4 Find the electric potential energy of a uniformly charged, thin 
spherical shell. 
Solution Consider a uniformly charged thin spherical shell of radius R having a total charge 
qo. Suppose at some instant a charge q is placed on the shell. The potential at the surface is 


__@ 
ATER 


-. The self energy of the shell is 


2.90 Ans. 


Type 4. Based on flow of charge when position of a switch is changed 


Concept 


From the flow of charge we mean that when a switch in a circuit is either closed or opened 
or it is shifted from one position to the other, then how much charge will flow through 
certain points of the circuit. Such problems can be solved by finding charges on different 
capacitors at initial and final positions and then by the difference we can find the charge 
flowing through a certain point. The following example will illustrate the theory. 
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© Example 5 What charges will flow through A, B and C in the directions shown 
in the figure when switch S is closed? 


= — 2uF 


— .3guF 


Solution Let us draw two figures and find the charge on both the capacitors before closing the 
switch and after closing the switch. 


T 
~~ 2 uF 


+ + 
qZ 3uF 92 3 uF 


Refer Fig. (a), when switch is open Both capacitors are in series. Hence, their equivalent 
capacitance 1s 

_ CC Q0)8) 6 
“TC, +Cy 2+3 5 


Therefore, charge on both capacitors will be same. Hence, using g = CV, we get 
q = (30 + 60) ($ uC =108 uC 


C 


Refer Fig. (b), when switch is closed Let q} and q, be the charges (in uC ) on two 
capacitors. Then, applying second law in upper and lower loops, we have 


30-2 =0 or gq, =60uC 


60- 2-0 or  g4-180guC 


Charges q, and q, can be calculated alternatively by seeing that upper plate of 2 uF capacitor is 
connected with positive terminal of 30 V battery. Therefore, they are at the same potential. 
Similarly, the lower plate of this capacitor is at the same potential as that of the negative 
terminal of 30 V battery. So, we can say that PD across 2 uF capacitor is also 30 V. 


qı = (C) (PD) - Q) (80) uC 
=60 uC 
Similarly, PD across 3 uF capacitor is same as that between 60 V battery. Hence, 
q2 = (3) (60) uC 
= 180 uC 
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Now, let q4 charge flows from A in the direction shown. This charge goes to the upper plate of 
2 uF capacitor. Initially, it had a charge + q and final charge on it is + q,. Hence, 


qı 7qQ-t Q4 
or da =q — q =60 — 108 
=— 48 uC Ans. 


Similarly, charge qg goes to the upper plate of 3 uF capacitor and lower plate of 2 uF capacitor. 
Initially, both the plates had a charge + q — q or zero. And finally they have a charge (qs — qi). 


Hence, 
(q9— 4) 2 qg +0 
qg = q2 — G = 180 — 60 
=120uC Ans. 
Charge qc goes to the lower plate of 3 uF capacitor. Initially, it had a charge — q and finally — qə. 
Hence, 
— ds 7 (- q) * qc 
Qc —q— A =108 — 180 
-—'12uC Ans. 
So, the charges will flow as shown below 
48 uC 
^ 
48 uc © 
"- 30V —— 2 uF 
48 uC © 120p ^T 
Y (Onna 
^ 
TEES —8uF 
— 60V 
72 uc © 
Y 
72 uC 


Type 5. Based on heat generation or loss of energy during shifting of switch 


Concept 


By heat generation (or loss of energy), we mean that when a switch is shifted from one position 
to the other, what amount of heat will be generated (or loss will be there) in the circuit. Such 
problems can be solved by simple energy conservation principle. For this, remember that when 


a charge + q flows from negative terminal to the positive terminal inside a battery of emf V is 
supplied an energy, 


E-qV 
V V 
|! |! 
4—( e— 
q q 


Energy supplied = qV Energy consumed = qV 
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and if opposite is the case, i.e. charge + q flows in opposite direction, then it consumes 
energy by the same amount. 

Now, from energy conservation principle we can find the heat generated (or loss of energy) 
in the circuit in shifting the switch. 


Heat generated or loss of energy = energy supplied by the battery/batteries 
— energy consumed by the battery/batteries + EU; — EU , 
Here, ŁU, = energy stored in all the capacitors initially and 


XU ,- energy stored in all the capacitors finally 


6 Example 6 Find loss of energy in example 5. 
Solution In the above example, energy is supplied by 60 V battery and consumed by 30 V 
battery. Using E = qV, we have 
Energy supplied = (72 x 10 9) (60) 


-24.82 x10? J 
Energy consumed - (48 x 1075) (30) 
=1.44x10° J 
ru,=1 x8 x10 x @0)? 
2 5 
-4.86 x 10? J 
and EU, = 5 x2 10 x 60)? + 5 x3 x10 x 60)? 
-6.8x10? J 
Loss of energy = (4.32 — 1.44 + 4.86 - 6.3) x 10? J 
-144x10? J Ans. 


6 Example 7 Prove that in charging a capacitor half of the energy supplied by the 
battery is stored in the capacitor and remaining half is lost during charging. 
Solution When switch S is closed, g = CV charge is stored in the capacitor. 

Charge transferred from the battery is also q. 
Hence, 
energy supplied by the battery = qV = (CV) (V) = CV?. 


Half of its energy, i.e. i CV? is stored in the capacitor and the remaining 50 96 or i CV? is lost. 
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Type 6. Two or more than two capacitors are charged from different batteries and then connected 
in parallel 


Concept 
In parallel, they come to a common potential given by 
_ Total charge 
Total capacity 


Moreover, total charge on them distributes in direct ratio of their capacity or we can also 
find the final charges on the capacitors by using the equation, q = CV 


© Example 8 Three capacitors of capacities 1uF,2 uF and 3 uF are charged by 
10 V,20 V and 30V respectively. Now, positive plates of first two capacitors are 
connected with the negative plate of third capacitor on one side and negative 
plates of first two capacitors are connected with positive plate of third capacitor 
on the other side. Find 
(a) common potential V 
(b) final charges on different capacitors 


Solution 
puc a 
1uF, 10V 
$4 d 
40 uC KA 
-40 uC H +40 uC | 
2 uF, 20 V 
S2 
90 uC q3 
j È + 
3 uF, 30V x V > 


Total charge on all three capacitors = 40 uC 
Total capacity = (1 + 2 + 3) uF = 6 uF 
(a) Common potential, 


_ Total charge 
Total capacity 


= 40 uC = 20 volt 
6uF 38 
20 20 
(b) q - CV = (uF) -30 uc 
3 3 
20 40 
q; - CV = Cn) =" uc 
3 3 
q4 = CV = (8 uF) >| =20 uC 
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Type 7. 7o find final charges on different capacitors when position of switch is changed (opened, 
closed or shifted from one position to other position) 


Concept 
(3) To find current in a C-R circuit at any time f, a capacitor may be assumed a battery of 
emf Eor V = £., 
C 


Gi) Difference between a normal battery and a capacitor battery is, emf of a normal battery 
remains constant while emf of a capacitor battery keeps on changing with q. 

(iii) Before changing the position of switch, every loop of the circuit may not be balanced by 
Kirchhoff's second equation of potential. So, in a single loop problem rotate a charge q, 
either clockwise or anti-clockwise. From this charge q, some of the charges on 
capacitors may increase and others may decrease. To check this, always concentrate on 
positive plate of each capacitors. If positive charge comes towards this plate, then 
charge on this capacitor will increase. 

(iv) With these charges, apply Kirchhoff's loop equation and find the final charges on them. 

(v) In this redistribution of charges, there is some loss of energy as discussed in type 5. 

(vi) If there are only capacitors in the circuit, then redistribution of charges is immediate 

and if there are resistors in the circuit, then redistribution is exponential. 
(vii) If there are only capacitors, then loss is in the form of electromagnetic waves and if 
there are resistors in the circuit, then loss is in the form of heat. 
Further, this loss is proportional to Rif resistors are in series (H = i?Rtor H « Ras iis 
same in series) and this loss is inversely proportional to R if resistors are in parallel 
1 : . 
(H = € or H « * as V is same in parallel). 


6 Example 9 In the circuit shown in figure, switch 1F 10V 2F 
S is closed at time t=0. Find Hekk 
(a) Initial current at t = 0 and final current at t = œ in the Š dd dd $6 
loop. de 
(b) Total charge q flown from the switch. TL MANN T 
(c) Final charges on capacitors in steady state at time 20V 
t = œ, 


(d) Loss of energy during redistribution of charges. 
(e) Individual loss across 1Q and 2Q resistance. 


Solution (a) Att=0 Three capacitors may be assumed like batteries of emf 40 V, 20 V and 
0 V. 


B Net emf 
Total resistance 
_ 40+ 20 - 10 - 20 
1+2 


=10A (anti-clockwise) 


At t=co When charge redistribution is complete and loop is balanced by Kirchhoff's second 
equation of potential, current in the loop becomes zero, as insulator is filled between the 
capacitors. 
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(b) Redistribution current was anti-clockwise. So, we can assume that +q charge rotates 
anti-clockwise in the loop (between time £ =0 and t = ~). After this rotation of charges, final 
charges on different capacitors are as shown below. 


(40-q) 10V (40+q) 
a +j | =jj# 

| | | 

TF 2F 
+ 
q = 4F (e T 

20 | i=Oatt=00 
d NW | P 

20V 


Applying loop equation in loop abcda, 


40 79) , 194 0 * 9. 95, 8.6 
1 2 4 
. : . 120 
Solving this equation, we get q= a C Ans. 
(c) Final charges 
120 160 
=40 =40 = C 
diF q 7 7 
120 400 
=40+ q-404 = C 
q2F q 7 7 
120 
dap =q= Up C 


(d) Total loss of energy during redistribution 
EU, = 1 x (1) (40)? + 5 x (2) (20)? = 1200 J 


why (160/7)? qu (400 / 7? Tm (120/7)? 
2 1 2 2 2 4 
=1114.3 J 
AU Z2 EU, - XU; 2 -85.7 J 
20 V battery will supply energy but 10 V battery will consume energy. So, 


Total energy supplied = 20 x = 10 x = =171.4J 


Total heat produced = Energy supplied - AU 
= 171.4 — (85.7) =257.1 J Ans. 
(e) Resistors are in series. Hence, 
A, R 10 1 


H«R or 
H, R, 2Q 2 
H, (35) Q57.1) - 85.7 J Ans. 
1+2 
2 
2-4) (257.1) 171.4 J Ans. 
142 


Note (i) Formaking the calculations simple, we have taken capacities in Farad, otherwise Farad is a large unit. 
(ii) For two loop problems, we will rotate two charges q, and qp. 
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Type 8. Shortcut method of finding time varying functions in a C-R circuit like q or i etc. 


Concept 


(i) At time t = 0, when capacitor is uncharged it offers maximum current passing through 
it. So, it may be assumed like a conducting wire of zero resistance. With this concept, 
find initial values of q or i etc. 


(ii) At time t = œ, when capacitor is fully charged it does not allow current through it, as 
insulator is filled between the plates. So, its resistance may be assumed as infinite. 
With this concept, find steady state values at time t = ~ of q or i etc. 


(iii) Equivalent time constant To find the equivalent time constant of a circuit, the 
following steps are followed : 


(a) Short-circuit the battery. 
(b) Find net resistance across the capacitor (suppose it is Raet) 
(c) Te = (R,4)C 
(iv) In C- R circuit, increase or decrease is always exponential. So, first make exponential 


graph and then write exponential equation corresponding to this graph with the time 
constant obtained by the method discussed above. 


© Example 10 Switch S is closed at time t = 0 in the circuit shown in figure. 
30 


S 30 


ale 6Q 


15V 2F 


(a) Find the time varying quantities in the circuit. 

(b) Find their values at time t = 0. 

(c) Find their values at time t= 

(d) Find time constant of all time varying functions. 

(e) Make their exponential graphs and write their exponential equations. 

(f) Just write the equations to solve them to find different time varying functions. 
Solution (a) 30 h is 


—NNANNNNM- > 
30 z60 
+ 
2F=-9 
| » SE 


There are four times variable functions i4, ig, iz and q. 
(b) At t 2 0, equivalent resistance of capacitor is zero. So, the simple circuit is as shown below 


15V 
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ficja 59 -50 
346 
Teee 
5 i 3 1 


2 
io = —— 8 A)=2A 
* TER ) 


: 1 


(c) At t = œ, equivalent resistance of capacitor is infinite. So, equivalent circuit is as shown below 


"ME ON l 
DS adr ee: 
l 
i, =0 4 " 330 
. 5 V 60 
Vop-2Vsg-iR (s (6) = 10 volt 
p 1 


! q=CV = (2) (10)=20C 
(d) By short-circuiting the battery, the simplified circuit is as shown below 


30 
30 60 

a 

b? 

Net resistance across capacitor or ab is 
3x6 
Raet =3 + =5Q 

i 3+6 


os T= CRrct = (2) (5) -10s 
(e) Exponential graphs and their exponential equations are as under. 


IX(A) is(A) 


5/3 


> (s) 


> t(s) 


-— zd 
=1+(3-1) (1-e e)ya145 (ce 10) 


t t 


g=20(1—-e '€)-20 (1— e 10) 
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(f) Unknowns are four: i,, is, i; and q. So, corresponding to the figure of part (a), four equations 
are 
iy =i, + ig a) 
dq " 
E m 
l2 dt (ui) 
Applying loop equation in left hand side loop, 
+15 —3i, — 8i, $0 ... (ii) 
Applying loop equation in right hand side loop, 
* 18i, -6i, =0 v) 
Solving these equations (with some integration), we can find same time functions as we have 
obtained in part (e). 
Type 9. 7o find current and hence potential difference between two points in a wire having a 
capacitor 
Concept 


If charge on capacitor is constant, then current through capacitor wire is zero. If charge is 
variable, then current is non-zero. Magnitude of this current is 


dq 
dt 


and direction of this current is towards the positive plate if charge is increasing and away 
from the positive plate if charge is decreasing. 


© Example 11 In the circuit shown in figure, find V „ at 1s 


a 2F 46 10V " 
—— ww | 
q-2t 


Solution Charge on capacitor is increasing. So, there is a current in the circuit from right to 
left. This current is given by 


pol ag 
dt 
Atls, q=2C. 
So, at 1 s, circuit is as shown in figure. 
a Ed 4Q 2A b 
2C 10V 


or 


V, 4 ; + (2) 4) - 10 Z V, 
Va- V, 
Vab 7 —19 volt Ans. 


a 
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Type 10. 7o find capacitance of a capacitor filled with two or more than two dielectrics 


Concept 
PQ and MN are two metallic plates. 
If we wish to find net capacitance between a and b, then 


Vps = Vs = Vi (say) 

V yr = Vrn = Và (say) 
Hence, Vrs — Vmr = Vsq - Vr 7 Vi - V2 
Therefore, there are two capacitors, one on right hand side and 
other on left hand side which are in parallel. 


C = Crus + Cins 
For Cygg, we can use the formula, 


C= 


© Example 12 What is capacitance of the capacitor shown in figure? 


Al2 ——À r—— Am 


Kp |a 
2d K Sas | 


Solution C= Ciys + Crus 
_ K; & (A) | £o (A/2) 
2d - Qd - d - d) * (d/K) + (d/K3) 


_&A|K, , KK; 
2d | 2 ER, 


Type 11. 7o find charge on different capacitors in a C-R circuit 


Concept 


In a C- R circuit, charge on different capacitors is normally asked either at t = 0, t = œ or 
t = t. If nothing is given in the question, then we have to find charges on capacitors at t = co 
or steady state charges. 

In steady state, no current flows through a wire having capacitor. But, if there is any other 
closed circuit then current can flow through that circuit. So, first find this current and then 
steady state potential difference (say Vo) across two plates of capacitor. Now, 


do = CV, = steady state charge 


Chapter 25 Capacitors e 289 


6 Example 13 Find potential difference across the capacitor (obviously in steady 


Note 


state) 
V R 
| WWW 
v C 
2R 
2V 
Solution In steady state condition, no current will flow through R 
the capacitor C. Current in the outer circuit, || 7 ANN —— 
. 2V-V V Y 
i= =a A B 4 
2R+R 3R mmmH 
Potential difference between A and B, iy vV 2R E 
V,-V+V+iR=V, T AN 
; V V 2V 
Vz -V =iR= R= 
m (ax) 3 


In this problem, charge stored in the capacitor can also be asked, which is equal to q = C ; with positive 


charge on B side and negative on A side because Vz > V}. 


Example 14 Find the charge stored in the capacitor. 2yF 
HOW TO PROCEED Insulator is filled between the plates of the | | 
capacitor. Therefore, a capacitor does not allow current flow 

through it after charging is over. Hence, in the circuit S 


current will flow through 3 Q and 5 Q resistances and it will 
not flow through the capacitor. To find the charge stored in 
the capacitor, we need the PD across it. So, first we will find dli 
; 8e 4v 
PD across the capacitor and then apply, 
q=CV 
where, V = PD across the capacitor. 


Solution As we said earlier also, current will flow in loop ABCDA when charging is over. And 
this current is 


Net emf 24 
i= - - -8A 
Total resistance 5+3 
2 UF 
| |= 
| Iq 
5Q 
A MWM B 
^ I 
D.—WW——]r——c 
30 
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Now, PD across the capacitor is equal to the PD across the 5 Q resistance. 
Hence, VzV,-VpziRz-z(3)0)215V 
: q=CV = (2 x15)uC=30 uC Ans. 


Note V,- V; =15 V, therefore V, > Vz Le. the positive charge will be collected on the left plate of the capacitor 
and negative on the right plate. 


Type 12. 7o find distribution of charges on different faces on parallel conducting plates 


Concept 


. q 
(i) did Total 


(ii) q2 =- q; and q, =- q5 
Note The above two results are proved in example 15. 


(ii) Electric field between 2 and 3 is due to the charges q, and qs. This electric field is given 


by 
o q/A 
B= na [lgl 2195] = q] 
Eo £0 
(iv) This electric field is uniform, so potential difference between any two points is given by 
V = Ed 


(v) If two plates are connected to each other, then distance between the plates is required, 
otherwise there is no requirement of that. 


6 Example 15 Three parallel metallic plates each of area A are kept as shown in 
figure and charges q), q> and q, are given to them. Find the resulting charge 
distribution on the six surfaces, neglecting edge effects as usual. 


qı q2 93 


P Q R 


Solution The plate separations do not affect the distribution of charge in this problem. 
In the figure, =n- UER- 
and Q — ds — qe 
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Electric field at point P is zero because this point is lying inside a 


conductor. 
Ep = 0 
At P, charge q, will give an electric field towards right. All other v. CRA COMA G 
charges q,, qe... , etc., will give the electric field towards left. So, 
1 
[Qa (qi Qa) Qc (q5 qe) de (qs q.)] = 0 
2 AE, e . e 
[g Q HR 
or 2q, — qı — q3— 93 - 0 
+ qə + 
or da = Qi + 92 + Q3 
2 
Similarly the condition, Ep =0 
will give the result, 
+ qo + 
q= ai 2 93 


From here we may conclude that, half of the sum of all charges appears on each of the 
two outermost surfaces of the system of plates. 


Further we have a condition, 


1 
[da * (qi m da) + qe (de qe) de (qs q.)] = 0 
2AE, 
or + 2q,— q2 — G3 =0 
QotQ4—q 
qe = 2 : 1 
d,74 -q4,7 9582-8 2g 
2 

Similarly, we can show that 

Qa =— qe- 


From here we can find another important result that the pairs of opposite surfaces like b, c 
and d,e carry equal and opposite charges. 


6 Example 16 Three identical metallic plates are kept parallel to one another at a 
separation of a and b. The outer plates are connected by a thin conducting wire 
and a charge Q is placed on the central plate. Find final charges on all the six 
plate's surfaces. 


Solution Let the charge distribution in all the six faces be as shown in figure. While 
distributing the charge on different faces, we have used the fact that two opposite faces have 
equal and opposite charges on them. 
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Net charge on plates A and C is zero. Hence, 
dg—-% + 4% +%—-Q=0 


or d2+ 93 =Q 
(Q-q1) 

q2 -Q1 Q1 q3 
(9,-Q) 


B^ B. B 
E» 
a b 
<> +S > 


Further A and C are at same potentials. Hence, 
Vp Va= Va Ve 


or Eja = Eb 
"d em Q-a, b (A = Area of plates) 
A£o A£po 
qa -(Q—-q)b 
|. Qb T 
ecu: b ...() 


Electric field inside any conducting plate (say inside C) is zero. Therefore, 
a- & o 


d2 Hh, «m ,9-a 
2Ae£; 24A4£9 24A£9  2Ae$, 2AE, 248, 
. Q9 — 93 =0 
: . _ Qb | Q 
Solving these three equations, we get qı » q2 = ds 
a+b 2 
Hence, charge on different faces are as follows. 
Table 25.3 
Face Charge 
Q 
1 q,-2 
2 ^4 _. Qb 
h a+b 
3 _ Qb 
T a+b 
4 Q- Qa 
a a+b 
5 Qe Qa 
d a+b 
Q 
6 q3 = z 


.. (ii) 
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© Example 17 Area of each plate is A. The conducting plates are connected to a 
battery of emf V volts. Find charges q; to qq. 


Solution Net charge drawn from the battery is zero or 


QTotal = 0 
qı 7295-7 QTotal 20 
al 6 9 


Van =V with V4 > Vg 
A 
\aal=1as1=cV - (3v 


TEEN €A V E __ EAV 
d 
Similarly, 
Vgc = V with Vo > Vz 
EA 
= =CV =|“ |V 
Ig4l 7 1asl | 2d ) 
7; £9AV £9AV 
th p= 0" and g,;z-—-9 
WI Q5 od and q, Ed 


Type 13. 7o find total electrostatic potential energy due to spherical charged shells 


Concept 
(i) Capacity of a spherical capacitor is given by 
C= ATE 4 
1 1 
a b 
Ai 

2 1 q? 
(i) U = 2 
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6 Example 18 In the figure shown, 


(a) Find q; to qe. 
(b) Total electrostatic potential energy. 


Solution (a) q =0 
Q3 =4q 
G3 =-q = -44 
q4 =2q - 9, =6q 
G5 =-q4 =-6q 


Qs =q-% = 74 


(b) U Tota =U, + US + U; 


7q 
1 4g? 
Here, E 
er 125 C, 
where, Qu ao 
R 2R 
_1 (69) 
d N^ 
Ane 
where, Cs = T 
2R 3R 
1 (7g)? 
d => 
um 353 Cy 
where, C, = o. = 4ngg (3R) 
3R œ 


Miscellaneous Examples 


© Example 19 In the circuit shown in figure switch S is closed at time t 2 0. Find 


the current through different wires and charge stored on the capacitor at any 
time t. 


Solution Calculation of t; Equivalent resistance across capacitor after short-circuiting the 
battery is 


WW- 
6R 
R Za 
R, -R GB GB _ 5p 
6R+3R 
EA to = (C)R,, -3RC 
Calculation of steady state charge q At t= œ, capacitor is fully charged and no current 
flows through it. 
6R 
MW > 
VT + 
| LL 4 
V 
1= OR 
PD across capacitor = PD across 3R 
V 
=| — | 8R 
(s 4 (GR) 
av 
3 
g -— CV 
° 8 
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Now, let charge on the capacitor at any time t be q and current through it is ij. Then, 
q-qy (l-€ "*c) 
i, = 24 = 0 ine -À 
dt t6 


Applying Kirchhoff’s second law in loop ACDFA, we have 


A eR di ig C 

i 
DOR OR 
| + 


— 
YA 
< 
F E D 
-6iR - Si, R + V =0 


and 


or 2i + b= ... (1) 
Applying Kirchhoffs junction law at B, we have 
i-i + ly .. (ili) 
Solving Eqs. (i), (ii) and (iii), we have 
bet rst. eee. eae) Ha eee 
9R 3 9R 3%, 9R 316 


6 Example 20 In the circuit shown in figure, find the steady state charges on both 
the capacitors. 


10V 29 
A | mw- H 
30 
B W- G 
3 uF == 6 uF 
4Q 


D | ww- E 
20v 89 


HOW TO PROCEED 7n steady state a capacitor offers an infinite resistance. Therefore, 
the two circuits ABGHA and CDEFC have no relation with each other. Hence, the 
battery of emf 10 V is not going to contribute any current in the lower circuit. 
Similarly, the battery of emf 20 V will not contribute to the current in the upper 
circuit. So, first we will calculate the current in the two circuits, then find the 
potential difference Vg; and Vor and finally we can connect two batteries of emf 
Vaq and Vor across the capacitors to find the charges stored in them. 

10 
342 


Vga = Vp Vg =3i, =3x2=6V 


Solution Current in the upper circuit, i; = =2 A 
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2 LA 
4+6 
Vor = Ve Vr =4i=4x2=8 V 


Charge on both the capacitors will be same. Let it be q. Applying Kirchhoff's second law in loop 
BGFCB, 


Current in the lower circuit, 


ly 


10V 509 
| 6V 
A MW- < H 
Yi = 2 |, e 
1 30 A 
B >W G i 
- | zs » q- —6uF 
3uF—— 25 6uF => guq = 
c w F 
412 Y C |! 5 
D ——] r-wws—+—L£ 
20v 62 
— — MrnÓÀ 
6x10 3x10 
6 
= (0 q_» 
2 
or q-4x10$C 
or q-4guC Ans. 


6 Example 21 An isolated parallel plate capacitor has circular plates of radius 
4.0 cm. If the gap is filled with a partially conducting material of dielectric 
constant K and conductivity 5.0 x 101^ Q^! m^. When the capacitor is charged to 
a surface charge density of 15 uClem? , the initial current between the plates is 
1.0 uA? 

(a) Determine the value of dielectric constant K. 


(b) If the total joule heating produced is 7500 J, determine the separation of the capacitor 
plates. 


Solution (a) This is basically a problem of discharging of a capacitor from inside the 
capacitor. Charge at any time t is 


—tlhte 


q = We 
Here, qo = (area of plates) (surface charge density) 
and discharging current, i= EJ = 40. gte = ine 
dt To 
; ao _ Go 
Here, [= 20 = 20" 
: tc CR 
C= KeA and R= E 
d cA 
CR = É£o 
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o 
Therefore, lg Ke, one > K om 
D 0 o£0 
c 


Substituting the values, we have 
_ 6.0 x 10 1^) (n) (4.0)? (15 x10 9) 
(1.0 x 1079) (8.86 x 10712) 

 1qj 1 dj 

"2€ 9 Ke,A 
d 

. 2Ke AU 

% 

_ 2x 4.25 x 886 x 107 x x x (4.0 x 10°)? x 7500 

(15 x 1079 x x x 4.0 x 4.0)? 


=5.0 x10 m=5.0 mm Ans. 


=4.25 Ans. 


(b) 


d 


© Example 22 Three concentric conducting shells A, B and C of 
radii a, b and c are as shown in figure. A dielectric of dielectric 
constant K is filled between A and B. Find the capacitance 
between A and C. 
HOW TO PROCEED When the dielectric is filled between A and B, the 
electric field will change in this region. Therefore, the potential 
difference and hence the capacitance of the system will change. So, 
first find the electric field E(r) in the region a<r € c. Then, find the PD (V) between 
A and C and finally the capacitance of the system will be 


C=4 
V 
Here, q = charge on A 
Solution Et)=— for a<r<b 
4ne Kr 
q z fo b<r<c 
ANE gr 


Using, dV -— | E-dr 
the PD between A and Cis 


b q ec q 
VzV4,-Voz- -dr dr 
aii y Ane Kr? l Ane gr” 


og Ix JG Jj q [9-2 6-9 
4ngyj| K Va b b oc 4neo L Kab ^— bc 


= q , 
4n£gKabc a eee qaos 


- The desired capacitance is 
QJ 4n£oKabc Ads 
V Ka(c- b)4 c(b— a) ` 


Exercises 


LEVEL 1 


Assertion and Reason 
Directions: Choose the correct option. 
(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 
(d) If Assertion is false but the Reason is true. 


1. Assertion: From the relation C= v We can say that, if more charge q is given to a 


conductor, its capacitance should increase. 


Reason: Ratio -: will remain constant for a given conductor. 


2. Assertion: Aparallel plate capacitor is first charged and then distance between the plates is 
increased. In this process, electric field between the plates remains the same, while potential 
difference gets decreased. 


Reason: E- q and V = P . Since, q remains same, E will remain same while V will 
£o Eo 


decrease. 


3. Assertion: When an uncharged capacitor is charged by a battery, only 50% of the energy 
supplied by a battery is stored in the capacitor. 


Reason: Rest 50% is lost. 


4. Assertion: Discharging graphs of two C-R circuits having the same value of C is shown in 
figure. From the graph we can say that tc, > Te, 


q 


Reason: ZA» Ry. 


5. Assertion: In series combination, charges on two capacitors are always equal. 


Reason: Ifcharges are same, the total potential difference applied across two capacitors will 
be distributed in inverse ratio of capacities. 
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6. 


10. 


Assertion: Twocapacitors are charged from the same battery and then connected as shown. 
A current will flow in anti-clockwise direction as soon as switch is closed. 


+] [- 
| 


L 1 uF 
S 

+] |- 

2 uF 


Reason: In steady state charges on two capacitors are in the ratio 1: 2. 


. Assertion: In the circuit shown in figure no charge will be stored in the capacitor. 


I 


Ry 


R2 


T 


Reason: Current through R, will be zero. 


. Assertion: In the circuit shown in figure, time constant of charging of capacitor is a 


Reason: In the absence of capacitor in the circuit, two resistors are in parallel with the 
battery. 


. Assertion: Two capacitors are connected in series with a battery. Energy stored across them 


1s 1n inverse ratio of their capacity. 


Reason: = Zav or U «gqV. 


Assertion: In the circuit shown in figure, when a dielectric slab is inserted in C5, the 
potential difference across C, will decrease. 


Reason: By inserting the slab a current will flow in the circuit in clockwise direction. 
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Objective Questions 


1. 


The separation between the plates of a charged parallel- plate capacitor 1s increased. The force 
between the plates 

(a) increases (b) decreases 

(c) remains same (d) first increases then decreases 


. If the plates of a capacitor are joined together by a conducting wire, then its capacitance 


(a) remains unchanged (b) decreases 
(c) becomes zero (d) becomes infinite 


. Two metal spheres of radii a and b are connected by a thin wire. Their separation 1s very large 


compared to their dimensions. The capacitance of this system 1s 
(a) 4m€, (ab) (b) 2m€9(a + b) 
a? 7) 


(c) 4n£o(a + b) (d) in| 


n identical capacitors are connected in parallel to a potential difference V. These capacitors are 
then reconnected in series, their charges being left undisturbed. The potential difference 
obtained is 


(a) zero (b n-DV (c) nV (d) nV 
. In the circuit shown in figure, the ratio of charge on 5uF and 2uF capacitor is 
3uF 2uF 
| 
5 WF 
6v 
(a) 5/4 (b) 5/3 (c) 3/8 (d) None of these 


6. In the circuit shown, a potential difference of 60 V is applied across AB. The potential 


difference between the points M and N 1s 


2C 
A || M 
60 V C= =G 
do l N 
2C 
(a) 10 V (b) 15V (c) 20V (d) 30V 


. In Milikan's oil drop experiment, an oil drop of radius r and charge q is held in equilibrium 


between the plates of a charged parallel-plate capacitor when the potential difference is V. To 
keep a drop of radius 2r and with a charge 2q in equilibrium between the plates the potential 
difference V required 1s 

(a) V (b) 2V (c) 4V (d) 8V 
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8. Two large parallel sheets charged uniformly with surface charge o -0 
density o and - o are located as shown in the figure. Which one of 
the following graphs shows the variation of electric field along a e------1-----L----- é 
line perpendicular to the sheets as one moves from Ato B? 


E E 


x 


(a) (b) ~ 


E E 
(c) (d) 


A 
x 
x x 


9. When the switch is closed, the initial current through the 1 Q resistor is 
10 


2 uF 


(a) 2A (b 4A (c) 3A (d) 6A 


10. A capacitor of capacitance C carrying charge Q is connected to a source of emf E. Finally, the 
charge on capacitor would be 
(a) Q (b Q+ CE (c) CE (d) None of these 


11. In the circuit, the potential difference across the capacitor is 10 V. Each resistance is of 3 Q. 
The cell is ideal. The emf of the cell 1s 


R C= 3yF 


(a) 14V (b) 16V (c) 18 V (d) 24 V 
12. Four identical capacitors are connected in series with a 10 V +] IE 
battery as shown in the figure. The point N is earthed. The 10V 
potentials of points A and B are 
(a) 10V, 0V C C C d 
(b 7.5 V,- 2.5 V Aa a 
(c) 5V,-5V = 


(d) 7.5 V, 2.5 V 


13. 


14. 


15. 


16. 


17. 


18. 


Chapter 25 Capacitors e 303 


A capacitor of capacity 2 uF is charged to 100 V. What is the heat generated when this capacitor 
is connected in parallel to an another capacitor of same capacity? 

(a) 2.5 mJ (b) 5.0 mJ 

(c) 10 mJ (d) 4 mJ 


A charged capacitor is discharged through a resistance. The time constant of the circuit is |. 
Then, the value of time constant for the power dissipated through the resistance will be 

(a) n (b) 2n 

(c) n/2 (d) zero 


A capacitor is charged by a cell of emf E and the charging battery is then removed. If an 
identical capacitor is now inserted in the circuit in parallel with the previous capacitor, the 
potential difference across the new capacitor is 

(a) 2E (b) E 

(c) E/2 (d) zero 


The potential difference V, — Vg between points A and B for the circuit segment shown in 
figure at the given instant 1s 


9uC 
3A 8V 20 a 30 


SS | | =e 


1 uF 
(a) 12 V (b) —12 V 
(c) 6V (d) -6V 


For the circuit arrangement shown in figure, in the steady state condition charge on the 
capacitor is 


12V 29 
2uF — 4g 
| ww 
60 

(a) 12uC (b) 14 4C 

(c) 20uC (d) 18 uC 


In the circuit as shown in figure if all the symbols have their usual meanings, then identify the 
correct statement, 


C2 
+ = 
C4 q2 V2 
+ = 
qı V4 C3 
AES 
93 DA 
T 
V 
(a) d2= 93 ; Va Va (b) q 2 qs 9 ; Vo 7 Va 


(ce) q =G2t+ Q3; V 2 Vi + Vo+ V3 (d) q + qo G3 20; V; V4 =V -Vi 
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19. 


20. 


21. 


22. 


23. 


An electron enters the region between the plates of a parallel-plate 
capacitor at an angle 0 to the plates. The plate width is l. The plate 
separation is d. The electron follows the path shown, just missing the d 
upper plate. Neglect gravity. Then, 

(a) tan 0 2 2d/l 

(b) tan 0 =4d/1 

(c) tan 0 = 8d/l 

(d) The data given is insufficient to find a relation between d, /and 0 


An infinite sheet of charge has a surface charge density of 10 ' C/ m?. The separation between 
two equipotential surfaces whose potentials differ by 5 V 1s 

(a) 0.64 cm (b) 0.88 mm 

(c) 0.32 cm (d) 5x10 m 

Find the equivalent capacitance across A and B for the arrangement shown in figure. All the 
capacitors are of capacitance C 


A 
UD "UU T. Ens 
3C C 
(a) 14 (b) 8 
(c) Be (d) None of these 
16 
The equivalent capacitance between X and Y is 
1uF 1uF 
x ie Y 
2 uF 
(a) 5/6 uF (b) 7/6uF 
(c) 8/3 uF (d) 1uF 


In the arrangement shown in figure, dielectric constant K, = 2 and K, = 3. If the capacitance 
across P and Q are C, and C, respectively, then C,/C, will be (the gaps shown are negligible) 


P P 
Al2 Al2 Al2 Al2 
D —À ————- 


X————- 


Ki | d/2 
Kı Kp 


(a) 1:1 (b) 2:3 
(c) 9:5 (d) 25:24 
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24. Six equal capacitors each of capacitance C are connected as shown in 
the figure. The equivalent capacitance between points A and B,is  ^* | | 
(a) 1.5 C C 
(b) C hae Gael 
(c) 2C C C 6 
(d) 0.5 C Be 


25. Four ways of making a network of five capacitors of the same value are shown in four choices. 
Three out of four are identical. The one which 1s different 1s 


, EN . 


À piss d , THT 
© LP : @ Tr i 


B 


26. The equivalent capacitance of the arrangement shown in figure, if Ais the area of each plate, is 


K2 
- S NN je 


K3— | d/2 
| - | 
(a) c SAT | K4* K4] (b) c 204 TE _ KK; | 
a |2 KK; d |2 K, +K, 
E UMEN eAl. KK, | 
T a A ea | hak, 


27. Find equivalent capacitance between points A and B. [Assume each conducting plate is having 
same dimensions and neglect the thickness of the plate, n = 7 uF, where Ais area of plates] 


(a) 7uF (b) 11 uF 
(c) 12 uF (d) 15 uF 
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Subjective Questions 


Note You can take approximations in the answers. 


1. Two metallic plates are kept parallel to one another and charges are given to them as shown in 


figure. Find the charge on all the four faces. 


10 uC ——— —— -4uC 


2. Charges 2q and —3q are given to two identical metal plates of area of cross-section A. The 
distance between the plates is d. Find the capacitance and potential difference between the 


plates. 


2q —— —— -3q 


3. Find the charge stored in all the capacitors. 


1uF tov— — 2yF 


—L 3uF 


4. Find the charge stored in the capacitor. 


5. Find the charge stored in the capacitor. 


10. 


11. 


12. 


13. 


14. 
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. A 1uF capacitor and a 2uF capacitor are connected in series across a 1200 V supply line. 


(a) Find the charge on each capacitor and the voltage across them. 


(b) The charged capacitors are disconnected from the line and from each other and reconnected with 
terminals of like sign together. Find the final charge on each and the voltage across them. 


. A 100uF capacitor is charged to 100 V. After the charging, battery is disconnected. The 


capacitor 1s then connected in parallel to another capacitor. The final voltage 1s 20 V. Calculate 
the capacity of second capacitor. 


. An uncharged capacitor C is connected to a battery through a resistance R. Show that by the 


time the capacitor gets fully charged, the energy dissipated in R is the same as the energy 
stored in C. 


. How many time constants will elapse before the current in a charging R-C circuit drops to half 


of its initial value? 


A capacitor of capacitance C is given a charge qo. At time ¢ = Oit is connected to an uncharged 
capacitor of equal capacitance through a resistance R. Find the charge on the first capacitor 
and the second capacitor as a function of time t. Also plot the corresponding q-t graphs. 


A capacitor of capacitance C is given a charge qo. At time £ = 0, it is connected to a battery of emf 
E through a resistance R. Find the charge on the capacitor at time t. 


Determine the current through the battery in the circuit shown in figure. 


E S 
| H e 
C1 
| | 
Ro C2 
MW | 
-NW- W- 
R4 R3 
(a) immediately after the switch S is closed 
(b) after a long time. 
For the circuit shown in figure, find 
(a) the initial current through each resistor EC Ry R2 
(b) steady state current through each resistor +c 
(c) final energy stored in the capacitor * 
(d) time constant of the circuit when switch is opened. 
Find equivalent capacitance between points A and B, 
2C 2C 2C 2C 
A FEE EE i E 
B uw uu | | | | | L| 
C C C oo 
A IL 1E dI | B 
HEEL d |  — ML — 
e 
B 


(a) (b) (c) 
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15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


A 4.00 uF capacitor and a 6.00 uF capacitor are connected in parallel across a 660 V supply line. 

(a) Find the charge on each capacitor and the voltage across each. 

(b) The charged capacitors are disconnected from the line and from each other, and then 
reconnected to each other with terminals of unlike sign together. Find the final charge on each 
and the voltage across each. 


A 5.80uF parallel-plate air capacitor has a plate separation of 5.00 mm and is charged to a 
potential difference of 400 V. Calculate the energy density in the region between the plates, 
in J/m’. 


The dielectric to be used in a parallel-plate capacitor has a dielectric constant of 3.60 and a 
dielectric strength of 1.60 x 10’ V/m. The capacitor is to have a capacitance of 1.25 x 10 ? F and 
must be able to withstand a maximum potential difference of 5500 V. What is the minimum 
area the plates of the capacitor may have? 


Two condensers are in parallel and the energy of the combination is 0.1 J, when the difference 
of potential between terminals is 2 V. With the same two condensers in series, the energy is 
1.6x 10° J for the same difference of potential across the series combination. What are the 
capacities? 


A circuit has section AB as shown in figure. The emf of the source equals E = 10 V, the capacitor 
capacitances are equal to C,=1.0uF and C,=2.0uF, and the potential difference 
V4 — Vz = 5.0 V. Find the voltage across each capacitor. 


| | | | | 
A| i 


Several 10 pF capacitors are given, each capable of withstanding 100 V. How would you 
construct : 

(a) a unit possessing a capacitance of 2 pF and capable of withstanding 500 V? 

(b) a unit possessing a capacitance of 20 pF and capable of withstanding 300 V? 


Two, capacitors A and B are connected in series across a 100 V supply and it is observed that 
the potential difference across them are 60 V and 40 V. A capacitor of 2 uF capacitance is now 
connected in parallel with A and the potential difference across B rises to 90 V. Determine the 
capacitance of A and B. 


A 10.04 F parallel-plate capacitor with circular plates is connected to a 12.0 V battery. 
(a) What is the charge on each plate? 


(b) How much charge would be on the plates if their separation were doubled while the capacitor 
remained connected to the battery? 

(c) How much charge would be on the plates if the capacitor were connected to the 12.0 V battery 
after the radius of each plate was doubled without changing their separation? 


A 450uF capacitor is charged to 295 V. Then, a wire is connected between the plates. How 
many joule of thermal energy are produced as the capacitor discharges if all of the energy that 
was stored goes into heating the wire? 


The plates of a parallel-plate capacitor in vacuum are 5.00 mm apart and 2.00 m? in area. A 
potential difference of 10,000 V is applied across the capacitor. Compute 

(a) the capacitance 

(b) the charge on each plate, and 

(c) the magnitude of the electric field in the space between them. 


25. 


26. 


2T. 


28. 


29. 


30. 
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Three capacitors having capacitances of 8.4 uF, 8.2 uF and 4.2 uF are connected in series across 

a 36 V potential difference. 

(a) What is the charge on 4.2 uF capacitor? 

(b) What is the total energy stored in all three capacitors? 

(c) The capacitors are disconnected from the potential difference without allowing them to 
discharge. They are then reconnected in parallel with each other, with the positively charged 
plates connected together. What is the voltage across each capacitor in the parallel combination? 

(d) What is the total energy now stored in the capacitors? 


Find the charges on 6uF and 4uF capacitors. 
3 uF 5V 
Hd | 


5V oy = Z —2pF 4 uF 
U"T, 
10V 
In figure, C; = C; = 8.4uF and C, = C; = C, = 4.2uF. The applied potential is V, = 220 V. 
C4 C3 
dI | 
aT | | 
—— C2 
a] | | 
| | 
Cs C4 


(a) What is the equivalent capacitance of the network between points a and 5? 
(b) Calculate the charge on each capacitor and the potential difference across each capacitor. 


Two condensers A and B each having slabs of dielectric constant K = 2 are connected in series. 
When they are connected across 230 V supply, potential difference across A is 130 V and that 
across B is 100 V. If the dielectric in the condenser of smaller capacitance 1s replaced by one for 
which K = 5, what will be the values of potential difference across them? 


A capacitor of capacitance C, = 1.0uF charged upto a voltage V = 110 V 1s connected in parallel 
to the terminals of a circuit consisting of two uncharged capacitors connected in series and 
possessing the capacitance C, = 2.0uF and C; = 3.0uF. What charge will flow through the 
connecting wires? 


In figure, the battery has a potential difference of 20 V. Find 
Co= 2 uF 

| 
— 4 uF 


2uF —— “| 
—_ C3=4 uF 


3 uF —— 


| | 
lle 23uF 
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31. 


32. 


33. 


34. 


(a) the equivalent capacitance of all the capacitors across the battery and 
(b) the charge stored on that equivalent capacitance. 
Find the charge on 
(c) capacitor 1, 
(d) capacitor 2, and 
(e) capacitor 3. 


In figure, battery B supplies 12 V. Find the charge on each capacitor 


C1 C3 
S2 
Cs e 
ij 
H e 
IB S 


(a) first when only switch S; is closed and 

(b) later when S; is also closed. 

(Take C, = 1.0uF, C, = 2.0 uF, C4 =3.0uF and C, =4.0uF) 

When switch S is thrown to the left in figure, the plates of capacitor 1 acquire a potential 


difference V,. Capacitors 2 and 3 are initially uncharged. The switch is now thrown to the right. 
What are the final charges q,, q and q on the capacitors? 


^v 


A 

-T Vo 

CL T 

A parallel-plate capacitor has plates of area A and separation d and is charged to a potential 
difference V. The charging battery is then disconnected, and the plates are pulled apart until 
their separation is 2d. Derive expression in terms of A, d and V for 

(a) the new potential difference 

(b) the initial and final stored energies, U; and U ; and 


(c) the work required to increase the separation of plates from d to 2d. 


In the circuit shown in figure E, = 2E, = 20 V, R = R = 10 kQ and C= 1 uF. Find the current 
through R, R and C when 


Ry 
WW- 
s| 
A B 
. . 
R2 C= 
TÉ ES 


(a) S has been kept connected to A for a long time. 
(b) The switch is suddenly shifted to B. 
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35. (a) What is the steady state potential of point a with respect to point b in figure when switch S is 
open? 


(b) Which point, a or b, is at the higher potential? 
(c) What is the final potential of point b with respect to ground when switch S is closed? 
(d) How much does the charge on each capacitor change when S 1s closed? 
36. (a) What is the potential of point a with respect to point b in figure, when switch S is open? 


i V=18.0V 


(b) Which point, a or b, is at the higher potential? 
(c) What is the final potential of point b with respect to ground when switch S is closed? 
(d) How much charge flows through switch S when it 1s closed? 
37. In the circuit shown in figure, the battery is an ideal one with emf V. The capacitor is initially 
uncharged. The switch S is closed at time t = 0. 


A R 
° -AW- 
Vv Sr C 
GB 


(a) Find the charge Q on the capacitor at time t. 
(b) Find the current in AB at time t. What is its limiting value as t — o»? 


LEVEL 2 


Single Correct Option 


1. Two very large thin conducting plates having same Y Q 3Q 
cross-sectional area are placed as shown in figure. They are 
carrying charges Q and 3Q, respectively. The variation of 
electric field as a function at x (for x 2 0 to x= 3d) will be best 
represented by 


il 1 (a, 0) (20,0) (Sa, 0) ^ 
o Li h 
d od Se ae 
E E 
— | 
© elo. 
! 2d 3d —x 
ld 


2. The electric field on two sides of a thin sheet of charge is shown in the figure. The charge 
density on the sheet is 


+ 
E,=8Vim |+| E=12V/m 
EL ÀJ] a 
+ 
+ 
+ 
+ 
+ 
(a) 2 € (b) 4 € 
(c) 10 £o (d) zero 


3. In the circuit shown in figure, the capacitors are initially 
uncharged. The current through resistor PQ just after 
closing the switch 1s 
(a) 2A from Pto Q 
(b) 2A from Qto P 
(c) 6A from Pto Q 60 
(d) zero 
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4. A graph between current and time during charging of a capacitor by a 1Log! 
battery in series with a resistor is shown. The graphs are drawn for two 
circuits. R,, F5, Cj, C; and V,, V, are the values of resistance, capacitance 
and EMF of the cell in the two circuits. If only two parameters (out of 2 
resistance, capacitance, EMF) are different in the two circuits. What may 1 
be the correct option(s)? 
(a) V; V4, R, > Ry, C, » Cs (b) Vi > Va R, > Ry, C, =C, 
(c) V; < Vo, R < Ry, Cy =C, (d) V; <Va R, = Ry, Cy « Cy 


5. A capacitor of capacitance C is charged by a battery of emf E and internal resistance r. A 
resistance 2r 1s also connected in series with the capacitor. The amount of heat liberated inside 
the battery by the time capacitor is 50% charged is 

3 s E?C 
a) —E°C b 
(a) 8 (b) 6 

EC E*C 

(d) 

12 24 


(c) 


6. For the circuit shown in the figure, determine the 3V 3V 
charge on capacitor in steady state. | |! 
(a) 4uC 10 193 
(b) 6uC S50 
(c) 1C Ww vw |-—^w 

20 10 
(d) Zero 6v 1uF 


7. For the circuit shown in the figure, find the charge stored on capacitor in steady state. 
E R 
i| MW 


o ŽC ŒE- E) T | 
0 E C 


(c) zero | VW 


RC Eo 
d E-E 
O krk o) 


8. Two similar parallel-plate capacitors each of capacity C, are connected in series. The 
combination is connected with a voltage source of Vp. Now, separation between the plates of one 
capacitor is increased by a distance d and the separation between the plates of another 
capacitor is decreased by the distance d/2. The distance between the plates of each capacitor 
was d before the change in separation. Then, select the correct choice. 

(a) The new capacity of the system will increase 

(b) The new capacity of the system will decrease 

(c) The new capacity of the system will remain same 
(d) data insufficient 


9. The switch shown in the figure is closed at t = 0. The charge on the 


C 
capacitor as a function of time 1s given by If k 
(a) CV a -*°) | 
(b) 3CV (1 - e" RC) pz REN T 


(c) CV a - e RC) 
(d) CV a = gee 
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10. 


11. 


12. 


13. 


14. 


A 2 uF capacitor C, is charged to a voltage 100 V and a 4uF capacitor C, is charged to a voltage 
50 V. The capacitors are then connected in parallel. What is the loss of energy due to parallel 
connection? 

(a) 1.7 J (b) 0.17 J 

(c) 1.7x107 J (d) 1.7 x10? J 


The figure shows a graph of the current in a discharging circuit of a 
capacitor through a resistor of resistance 10 Q. 
(a) The initial potential difference across the capacitor is 100 V 


(b) The capacitance of the capacitor is 
10 ln 2 


(c) The total heat produced in the circuit will be — J 
n 


(5) 
(d) All of the above 


Four capacitors are connected in series with a battery of emf 10 V as shown in the figure. The 
point P is earthed. The potential of point A 1s equal 1n magnitude to potential of point B but 
opposite in sign if 

| 


10V 
C Co C C 
IT | | i P | 
A I | | J: B 
1 1 1 1 
C,+C,+C, =C + = 

(a) C, 2 3 4 (b) ©. © £1 Ci 
(c) aoa =C; (d) It is never possible 


A capacitor of capacity Cis charged to a potential difference V and another capacitor of capacity 
2C 1s charged to a potential difference 4 V. The charging batteries are disconnected and the 
two capacitors are connected with reverse polarity (ie. positive plate of first capacitor is 
connected to negative plate of second capacitor). The heat produced during the redistribution of 
charge between the capacitors will be 


125 CV? 50CV? 
a (b) 
3 3 " 
© 20V? (d) a 
A capacitor of capacitance 2uF is charged to a potential difference of 5 V. 2 uF 


Now, the charging battery is disconnected and the capacitor is connected | 
in parallel to a resistor of 5 € and another unknown resistor of resistance 
R as shown in figure. If the total heat produced in 5 Q resistance is 10uJ, 
then the unknown resistance R is equal to 

(a) 102 


(d 7.52 
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15. In the circuit shown in figure switch S is thrown to position 1 at t= 0. When the current in the 
resistor is 1 A, it is shifted to position 2. The total heat generated in the circuit after shifting to 
position 2 is 


10V 
H 
1 MS | 50 
oe QUE 
| i 
Í 
5V 
(a) zero (b) 625 uJ (c) 100 uJ (d) None of these 
16. The flow of charge through switch S if it is closed is 
2 uF 
LE 
q 
|| v i || 
+1 [= +l [— 
6 uF 3 uF 
(a) zero (b) q/4 (c) 29/8 (d) q/8 


17. Consider the arrangement of three plates X, Y and Z each of the area A and separation d. The 
energy stored when the plates are fully charged is 


id tpe | 

Z di 
(a) €,AV 72d (b) £,AV?/d 
(c) 206,AV?/d (d) 3e AV?/d 


18. Consider a capacitor — charging circuit. Let @, be the charge given to the capacitor in time 
interval of 20 ms and Q, be the charge given in the next time interval of 20 ms. Let 10 UC charge 
be deposited in a time interval t, and the next 10 uCcharge is deposited in the next time interval 
t5. Then, 


(a) Qi > Qo, t > ty (b) Qj > Qs, tı < ty 
(c) Q < Qo, ty > te (d) Qi < Qo, ty < ty 
19. The current in 1 Q resistance and charge stored in the capacitor are 
10 20 
WWW WM 
5V-T —2V ia --2WF — 86V 
30 
WM 


(a) 4A,6uC (b) 7A, 12 uC (c) 4A,12uC (d) 7A,6uC 
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20. A capacitor Cis connected to two equal resistances as shown in the S R 
: : : e WM 

figure. Consider the following statements. 

(i) At the time of charging of capacitor time constant of the circuit is EB 
2CR ZE R LG 

(ii) At the time of discharging of the capacitor the time constant of the 
circuit is CR 

(iii) At the time of discharging of the capacitor the time constant of the circuit is 2 CR 

(iv) At the time of charging of capacitor the time constant of the circuit is CR 

(a) Statements (i) and (ii) only are correct (b) Statements (ii) and (iii) only are correct 

(c) Statements (iii) and (iv) only are correct (d) Statements (i) and (iii) only are correct 


21. 


22. 


23. 


Two capacitors C, = 1uF and C, = 3uF each are charged to a potential difference of 100 V but 
with opposite polarity as shown in the figure. When the switch S 1s closed, the new potential 
difference between the points a and bis 


(a) 200 V (b) 100 V 


ae 


ol 


(c) 50 V (d) 25 V 


Four capacitors are connected as shown in figure to a 30 V battery. The potential difference 


between points a and bis 


(a) 5 V 
(c) 10V 


1.0uF 1.5 uF 


a 
li 
teal 


25uF P 0.5 uF 


+ = 


30V 


(b) 9V 
(d) 13 V 


Three uncharged capacitors of capacitance C;, C, and C, are connected to one another as shown 
in figure. The potential at O will be 


49 
(a) 3V Ed 


*6V 
C4 = 60 uF 
o 
_ Zee 
+2V +3V 


3 
(c) 4V (d) "Ed 
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24. Inthe circuit shown in figure, the potential difference between the points A and Bin the steady 


state is 
3 UF B 1 uF 
|| —-| 
si Lar 
|| 
200 TPF $100 
(ov 
A || * 
(a) zero (b) 6V (o) 4V (d) DN 


25. Two cells, two resistors and two capacitors are connected as shown in figure. The charge on 2 uF 
capacitor is 


3 UF 
18V 7 Zon «a 715V 
19 20 
2 uF 
(a) 30 uC (b) 20 uC (c) 25 uC (d) 48 uC 


26. In the circuit shown in figure, the capacitor is charged with a cell of 5 V. If the switch is closed 
at t= 0, then at t= 12s, charge on the capacitor is 


2 uF 3MQ 
X 
s 
S 
(a) (0.37) 10 4C (b) (0.37)? 10 uC (c) (0.63) 10 uC (d) (0.63)? 10 uC 
27. The potential difference between points a and b of circuits shown in the figure is 
Ei 
D J 
C4 mmo 
L I— —b 
E? 
E, + E, Ee za) E + a E,- a 
——— |C b) | == |C €. d) | ———|C 
(a) Gera 2 o [85 2 (c) Cat (d) 0,«6,) 
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28. 


29. 


30. 


31. 


A capacitor C, is charged to a potential V and connected to another capacitor in series with a 
resistor R as shown. It is observed that heat H, is dissipated across resistance R, till the 
circuit reaches steady state. Same process is repeated using resistance of 2R. If H, is heat 
dissipated in this case, then 


Ci 
R 
C2 
H, H 
a =1 —224 
em (b) H, 
ge! (à) 22 =2 
A, H, 


In the circuit diagram, the current through the battery immediately after the switch S is 
closed is 


E S 
L 
it 
R a 
1 MM 
WM R2 || 
WM 
R3 
E E E 
(a) zero (b — (c) (d) — —g575— 
R Ry R, R + RR; 


R+ Fs 


In the circuit shown, switch S is closed at t = 0. Let i, and i; be the current at any finite time t, 


then the ratio i/i 


3C 2R 
|| MW 
iq} C R 
— | WW 
12 
T 
V S 
(a) is constant (b) increases with time 
(c) decreases with time (d) first increases and then decreases 


A leaky parallel capacitor is filled completely with a material having dielectric constant K = 5 
and electrical conductivity o = 7.4x 10° Q! m !. Charge on the plate at instant t= 0 is 
q = 8.8854 C. Then, time constant of leaky capacitor is 


(a) 3s (b) 4s 
(c) 5s (d) 6s 
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32. A charged capacitor is allowed to discharge through a resistor by closing the key at the instant 
t= 0. At the instant t= (In 4)us, the reading of the ammeter falls half the initial value. The 
resistance of the ammeter 1s equal to 


C=0.5F 


I, 3i 


20. 
(a) 0.5 Q (b 19 
(c) 20 (d) 4 Q 


33. Five identical capacitor plates are arranged such that they make four capacitors each of 2 UF. 
The plates are connected to a source of emf 10 V. The charge on plate C 1s 


10V 
l 
A 
B 
C 
D 
E 
(a) + 20uC (b) +40 uC 
(c) +60 uC (d) + 80uC 


34. A capacitor of capacitance C is charged to a potential difference V from a cell and then 
disconnected from it. A charge + Q 1s now given to its positive plate. The potential difference 
across the capacitor is now 


Q 
(a) V 6) V+e 
(c) V4 3 @ v -S,itQ«cy 


More than One Correct Options 


1. X and Y are large, parallel conducting plates close to each other. Each face has an area A. X is 
given a charge Q. Y 1s without any charge. Points A, B and C are as shown in the figure. 


x Y 


(a) The field at B is 


2£9A 


(b) The field at B is Q 
EoA 

(c) The fields at A, Band C are of the same magnitude 

(d) The fields at A and C are of the same magnitude, but in opposite directions 
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2. Inthe circuit shown in the figure, switch S is closed at time t = 0. Select the correct statements. 


C 2R 


2C R 
È S 


(a) Rate of increase of charge is same in both the capacitors 

(b) Ratio of charge stored in capacitors C and 2C at any time t would be 1:2 
(c) Time constants of both the capacitors are equal 

(d) Steady state charges on capacitors C and 2C are in the ratio of 1 : 2 


3. An electrical circuit is shown in the given figure. The resistance of 
each voltmeter is infinite and each ammeter 1s 100 O. The charge 
on the capacitor of 100 uF in steady state is 4 mC. Choose correct 
statement(s) regarding the given circuit. 

(a) Reading of voltmeter V; is 16 V 

(b) Reading of ammeter A, is zero and A, is 1/25 A 
(c) Reading of voltmeter V; is 40 V 

(d) Emf of the ideal cell is 66 V 


4. In the circuit shown, A and B are equal resistances. When S is closed, the capacitor C charges 
from the cell of emf £ and reaches a steady state. 


C 
|| 


(a) During charging, more heat is produced in A than in B 
(b) In steady state, heat is produced at the same rate in Aand B 


i 2d 

(c) In the steady state, energy stored in C is a Ce? 
i zd 

(d) In the steady state energy stored in C is 3 Ce? 


5. A parallel-plate capacitor is charged from a cell and then isolated from it. The separation 
between the plates is now increased 
(a) The force of attraction between the plates will decrease 
(b) The field in the region between the plates will not change 
(c) The energy stored in the capacitor will increase 
(d) The potential difference between the plates will decrease 


10. 
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. Inthe circuit shown, each capacitor has a capacitance C. The emf of the C S 
cell is Æ. If the switch S is closed, then I3 
(a) positive charge will flow out of the positive terminal of the cell 
(b) positive charge will enter the positive terminal of the cell | C 
(c) the amount of the charge flowing through the cell will be SCE C x | 
= 
E 
(d) the amount of charge flowing through the cell is ($) CE 
. Two capacitors of 2 uF and 3uF are charged to 150 V and 120 V, A 1.5 uF 


respectively. The plates of capacitor are connected as shown in the Tm | | 
figure. An uncharged capacitor of capacity 1.5 uF falls to the free end 

of the wire. Then, Í | 
(a) charge on 1.5 uF capacitor is 180 uC *] H += 

(b) charge on 2 uF capacitor is 120 uC 2 uF 3 uF 

(c) positive charge flows through A from right to left 

(d) positive charge flows through A from left to right 


. A parallel plate capacitor is charged and then the battery is disconnected. When the plates of 


the capacitor are brought closer, then 

(a) energy stored in the capacitor decreases 

(b) the potential difference between the plates decreases 
(c) the capacitance increases 

(d) the electric field between the plates decreases 


. A capacitor of 2 F (practically not possible to have a capacity of 2 F) is 


charged by a battery of 6 V. The battery is removed and circuit is made = | | z 
as shown. Switch is closed at time t = 0. Choose the correct options. 2F 

(a) At time t =0 current in the circuit is 2 A i! = 
(b) At time ¢ = (6 In 2) second, potential difference across capacitor is 3 V 


(c) At time ¢ = (6 In 2) second, potential difference across 1 Q resistance is i a 
1V 


(d) At time t = (6 In 2) second, potential difference across 2 Q resistance is 
2 V. 
Given that potential difference across 1 uF capacitor is 10 V. Then, 
6 uF 


3 WF 


(a) potential difference across 4 uF capacitor is 40 V 
(b) potential difference across 4 uF capacitor is 2.5 V 
(c) potential difference across 3 uF capacitor is 5 V 
(d) value of E is 50 V 
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Comprehension Based Questions 
Passage | (Q. No. 1 and 2) 


The capacitor C, in the figure shown initially carries a charge qo. When the switches S, and S, 
are closed, capacitor C, is connected in series to a resistor R and a second capacitor C», which is 
initially uncharged. 


Sı 
+ R 
C1 Eo 
Lm 
pp 


1. The charge flown through wires as a function of time t is 


E C C - 
(9) goe"? c qo o xp etr] 
© afer (d) age" 
C 
where, C = ESSO 
C, t C, 
2. The ia heat dissipated in the circuit during the discharging process of C is 
2 
qo 
pb) 29. 
(a) —; aci" (b) 2 c 
qiC» 
d 
(c) 2c? (d) T? 


Passage II (Q. No. 3 and 4) 


Figure shows a parallel plate capacitor with plate area A and plate separation d. A potential 
difference is being applied between the plates. The battery is then disconnected and a dielectric 
slab of dielectric constant K is placed in between the plates of the capacitor as shown. 


+tt+t+t+t+t++++ | 


Now, answer the following questions based on above information. 
3. The electric field in the gaps between the plates and the dielectric slab will r 
I V KV 
m A Ayo 
(a) (b) d (c) d ( d = 
4. The electric field in the dielectric slab is 


V KV V 
(a) Kd (b) "D (c) a (d) — 
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Match the Columns 
1. In the figure shown, C, = 4uF (without dielectric) and 


C,=4uF (with a dielectric slab of dielectric constant 
K = 2) . Now, the same slab after removing from C, is 
filled in C,. Then, match the following two columns. 


Column I Column II 
(a) Charge on C; (p) will increase 
(b) Energy stored in C, (q) will decrease 
(c) Potential difference across C, | (r) will remain same 
(d) Electric field between the (s) data insufficient 


plates of C; 


Cy C2 


E A 


. Inthe circuit shown in figure, match the following two columns for 


the flow of charge when switch 1s closed. 


Column | Column II 
(a) From the battery (p) 40 nC 
(b) From 2 uF capacitor | (q) 100uC 
(c) From 3 uF (r) 60 nC 


(d) From 4uF capacitor | (s) None of these 


a 


. Three identical capacitors are connected in three different configurations as shown in 
Column II. Points a and b are connected with a battery. Match the two columns. 


G d m 


9o 


C4 
C3 


C2 


Column I Column II 
(a) Maximum charge on C, 
(p a 
(e; 
(b) Minimum charge on C; (q) á 
C1 
(c) Maximum potential difference | (r) o| 
across C 
C2 


(d) Minimum potential difference | (s) a >| 
across Cj 


Di 
C3 
C1 
Di 


C3 
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4. Acapacitor Cis charged by a battery of Vvolts. Then, it is connected to an uncharged capacitor 
of capacity 2C as shown in figure. Now, match the following two columns. 


Column I Column II 


(a) After closing the switch energy stored | (p) gcv? 


inC 
(b) After closing the switch energy stored | (q) i Cv? 
: 6 
in 2C. 
(c) After closing the switch loss of energy | (r) 4 cv? 
during redistribution of charge. 18 


(s None of these 


5. Two identical sized capacitors C; and C, are connected with a battery as shown in figure. 
Capacitor plates are square plates. A dielectric slab of dielectric constant K = 2, is filled in half 
the region of the two capacitors as shown : 


S M 


C > capacity, q — charge stored, U — energy stored. Match the following two columns. 


Column I Column II 
(06; (p) 9/4 
(b) q,/q» (q) 4/9 
(c) U,/U 2 (r) 4/3 


(s) None of these 


6. Four large parallel identical conducting plates are arranged as 
shown. 


Column I Column II 


(a) Surfaces having charges of |(p) land 8 
same magnitude and sign 


(b) Surfaces having positive (q) 3and5 
charges 


(c) Uncharged surfaces (r 2and3 
(d) Charged surfaces (s) 6and 7 
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Subjective Questions 


1. Five identical conducting plates, 1, 2, 3,4 and 5 are fixed parallel plates equidistant from each 


other (see figure). A conductor connects plates 2 and 5 while another conductor joins 1 and 3. 
The junction of 1 and 3 and the plate 4 are connected to a source of constant emf V,. Find 


5 


4 
3 
2 

1 + 


(a) the effective capacity of the system between the terminals of source. 
(b) the charges on the plates 3 and 5. 
Given, d = distance between any two successive plates and A = area of either face of each plate. 


. A 8uF capacitor C, is charged to V, = 120 V. The charging battery is then removed and the 
capacitor is connected in parallel to an uncharged + 4uF capacitor C3. 


(a) what is the potential difference V across the combination? 
(b) what is the stored energy before and after the switch S is closed? 


. Condensers with capacities C, 2C, 3C and 4C are charged to the voltage, V, 2 V,3 V and 4 V 
correspondingly. The circuit is closed. Find the voltage on all condensers in the equilibrium. 


CV 
F| [+ —-- 2c 
: = 


[+ 2V 


4C + . 
AV | 
+| |- 


3C 3V 


4. In the circuit shown, a time varying voltage V = 2000¢ volt is applied where ¢ is in second. At 


time t= 5 ms, determine the current through the resistor R = 4 Q and through the capacitor 
C= 300uF. 
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5. A capacitor of capacitance 5uF is connected to a source of constant emf of 200 V. Then, the 


switch was shifted to contact 2 from contact 1. Find the amount of heat generated in the 400 Q 
resistance. 


6. Analyze the given circuit in the steady state condition. Charge on the capacitor is qọ = 16 uC. 
20 p 30 


A WW- WW C 
42 


(a) Find the current in each branch 
(b) Find the emf of the battery. 
(c) If now the battery is removed and the points A and C are shorted. Find the time during which 
charge on the capacitor becomes 8 uC. 
7. Find the potential difference between points M and N of the system shown in figure, if the emf 


is equal to H=110 V and the capacitance ratio e is 2. 
2 


b e 
M 
I. 
g "gg 


8. In the given circuit diagram, find the charges which flow through directions 1 and 2 when 
switch S is closed. 


— 
Ny 


10. 


11. 


12. 


13. 


14. 
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. Two capacitors A and B with capacities 3uF and 2uF are charged to a 2 uF 


potential difference of 100 V and 180 V, respectively. The plates of the — I— 
capacitors are connected as shown in figure with one wire of each C 
capacitor free. The upper plate of A is positive and that of Bis negative. An 
uncharged 2uF capacitor C with lead wires falls on the free ends to 
complete the circuit. Calculate 


—3 uF 


DJ |+ 
| 


2? uF 
B 


(i) the final charge on the three capacitors, 
(ii) the amount of electrostatic energy stored in the system before and after completion of the circuit. 


The capacitor C, in the figure initially carries a charge qo. When the é 

switch S, and S, are closed, capacitor C, is connected to a resistor R and Sı 

a second capacitor C5, which initially does not carry any charge. fec i Sr 

(a) Find the charges deposited on the capacitors in steady state and the - alle 
current through R as a function of time. : mp 


(b) What is heat lost in the resistor after a long time of closing the switch? 
A leaky parallel plate capacitor is filled completely with a material having dielectric constant 
K = 5 and electrical conductivity o = 7.4 x 107? Q1 m^. If the charge on the capacitor at the 
instant t = 01s qo = 8.55 uC, then calculate the leakage current at the instant t = 12s. 


A parallel plate vacuum capacitor with plate area A and separation x has charges +Q and -Q on 

its plates. The capacitor 1s disconnected from the source of charge, so the charge on each plate 

remains fixed. 

(a) What is the total energy stored in the capacitor? 

(b) The plates are pulled apart an additional distance dx. What is the change in the stored energy? 

(c) If F is the force with which the plates attract each other, then the change in the stored energy 
must equal the work dW = Fdx done in pulling the plates apart. Find an expression for F. 

(d) Explain why F is not equal to QE, where E is the electric field between the plates. 

A spherical capacitor has the inner sphere of radius 2 cm and the outer one of 4 cm. If the inner 

sphere is earthed and the outer one is charged with a charge of 2 uC and isolated. Calculate 

(a) the potential to which the outer sphere 1s raised. 

(b) the charge retained on the outer surface of the outer sphere. 


Calculate the charge on each capacitor and the potential difference across it in the circuits 
shown in figure for the cases : 


| | | | -A j] 
| | | | | | i | | 
6 uF 3 uF 6 uF 2 uF 
S 1 uF 
100 Q 100 Q E 200 
$100.0 3100 
200 
90 V 
L -AW- |i 
100 V = 
(a) (b) 


G) switch S is closed and 
(ii) switch S is open. 
(iii) In figure (b), what is the potential of point A when S is open? 
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15. In the shown network, find the charges on capacitors of capacitances 5uF and 3 uF, in steady 
state. 


16. In the circuit shown, H=18kV, C=10uF, R,=4MQ, R,=6MOQ, R, - 3MO. With C 
completely uncharged, switch S is suddenly closed (at t = 0). 


R2 R3 


—c 
h Y3 


(a) Determine the current through each resistor for t 2 0 and t = oe. 
(b) What are the values of V, (potential difference across R) at t =O and t = e»? 
(c) Plot a graph of the potential difference V, versus t and determine the instantaneous value of V3. 


17. The charge on the capacitor is initially zero. Find the charge on the capacitor as a function of 
time £. All resistors are of equal value R. 


R3 T5 Zr 


18. The capacitors are initially uncharged. In a certain time the capacitor of capacitance 2 uF gets a 
charge of 20 uC. In that time interval find the heat produced by each resistor individually. 


20 


; 


20V 7 1 uF 2uF 


19. 


20. 


21. 


22. 
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A capacitor of capacitance C has potential difference E/ 2and another capacitor of capacitance 
2C1s uncharged. They are joined to form a closed circuit as shown in the figure. 


| [+ 


(a) Find the current in the circuit at t =0. 
(b) Find the charge on C as a function of time. 


The capacitor shown in figure has been charged to a potential difference of V volt, so that it 
carries a charge CV with both the switches S, and S; remaining open. Switch S, is closed at 
t=0. At t= RC switch S, is opened and S, is closed. Find the charge on the capacitor at 
t=2R,C+ RC. 


C 
#| |= 
| | 
Ry 
N 
$1 
R2 
E 
F S 
| S, 


The switch S is closed at t = 0. The capacitor C is uncharged but C, has a charge Qo = 2uC at 
t-0.I£ R2 1000,C = 2uF,C, = 2uF, E = 4 V. Calculate i(£) in the circuit. 


R Co 


MM : || 
S «| |- 


"AE Cc 


A time varying voltage is applied to the clamps A and B such that voltage across the capacitor 
plates is as shown in the figure. Plot the time dependence of voltage across the terminals of the 
resistance E and D. 


VaB 


| | 
Ae i °F 


23. In the above problem if given graph is between V4g and time. Then, plot graph between Vzp 


and time. 
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24. Initially, the switch is in position 1 for a long time. At t = 0, the switch is moved from 1 to 2. 
Obtain expressions for Vo and Vy for t> 0. 


25. For the arrangement shown in the figure, the switch is closed at t = 0. C; is initially uncharged 
while C, has a charge of 2 uC. 


A | 


| 
S 9v 
(a) Find the current coming out of the battery just after the switch is closed. 
(b) Find the charge on the capacitors in the steady state condition. 


26. In the given circuit, the switch is closed in the position 1 at t= 0 and then moved to 2 after 
250 us. Derive an expression for current as a function of time for t> 0. Also plot the variation of 
current with time. 


| 
20V ‘| 3 5000 
| um 


27. Acharged capacitor C, is discharged through a resistance R by putting switch S in position 1 of 
circuit shown in figure. When discharge current reduces to /,, the switch is suddenly shifted to 
position 2. Calculate the amount of heat liberated in resistance R starting from this instant. 


X l 


C2 


Answers 


Introductory Exercise 25.1 
1. [M L?T^A?] 2. False 3. (a) -10V (b) -10uC, -20uC (c) 3.0 x 10^ J 


Introductory Exercise 25.2 


1. +182 uC 2. (a) 604 V (b) 90.8cm? (c) 16.3 uC/m? 3. (a) 1.28 (b) 6.2x 107 C/m? 


Introductory Exercise 25.3 
1. Q3uF = 30 uC, aur = 20 uC, Dour =10 uc 2. Gaur =120 uC, Jour = 90 uC, dauF - 30 uC 


Exercises 
LEVEL 1 


Assertion and Reason 


1. (d) 2. (a) . 8.(ab) 4 (ab) 5. (d) 6 (d)  7.(b 8. (d) 9 (b) 10. (b) 


Objective Questions 

1. (c) 2. (d) 8. (c) 4. (c) 5. (d 6. (d 7. (c) 8 (b 9. (b 10. 
11. (a) 12. (b 13. (b 14. (c) 15. (c) 16. (a) 17. (d) 18. (b) 19. (b) 20. 
21. (a) 22. (c) 28. (d) 24. (c) 25. (d) 26. (b) 27. (b) 


Subjective Questions 

1. Starting from the left face the charges are, 3 uC, 7 uC, -7 uC, 3uC 2. Pt ged 
£o 

3. 10 nC, 20 4C, 30 uC 4. 40 uC 5. 24 uC 

1600, — uc, — V 7. 400pF 


9. 0.69 10. q= E + ao = E (= eee) 


o 


. (a) 800 uC, 800 V, 800 uC, 400 V (b) G; 


ji. CE ie rge 
12. (a) E/R) (b) E/(R, + R3) 18. (a) 42 E/Ry i; - ER; (b) = E/Ry ip =O (c) CE? (d) C(R + R3) 
5C 4C 
14. (a) 2—  (b)—— (c) 2 
(a) 5 (b) 3 (c) 
15. (a) 4.0 uF : 2.64 x 10°C, 660 V, 6.0 uF : 3.96 x 10? C, 660 V 
(b) 4.0 uF: 5.28x 10C, 132 V, 6.0 uF : 7.92x 10C, 132 V 


(c) 
(b) 
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16. 2.83x 10? J/m? 17. 0.0135 m? 18. 40 mF, 10 mF 19. 10V,5V 
20. (a) Five capacitors in series (b) Six rows of three capacitors in each row. 
21. 0.16 uF, 0.24 uF 22. (a) 120uC (b) 60uC (c) 480uC 23. 19.6 J 
24. (a) 3.54x 10? F (b) +35.4uC (c) 2.0x 109 N/C 
25.(a) 76uC (b)1.4mJ (c) 11V (d) 1.2 mJ 26. 1006, Puc 
27. (a) 2.5uF (b) Q= 5.5x 10^ C, V,- 66 V, Q= 37x 107C, V = 88 V, Q2 Q, = 1.8x 10^ C, WS, -V4 = 44 V, 
Qs 2 Q,V5 =V% 
28. 78.68 V, 151.32 V 29. 60uC 30. (a) 3uF (b) 60uC (c) 30nC (d) 20uC (e) 20uC 
31. (a) q=% = 91€, 28, 216 uC (b) q= 8.64 nC, go = 17.28 uC, q3 = 10.08 uC, q4 = 13.44 uC 
Cy, Cy, 

32. qo = G3 = B ca CV = C 

14+ 2+ 2 14+ o. c 

Co C3 C; C3 
33. (a) 2V (b) U; = 5 (8 v*,u, = (85v? (c) W -i(&be 
2\ d d 2V d 
34. (a) 1 mA, 1 mA, O (b) 2mA, 1mA, 3 mA 35. (a) 18V (b) a is at higher potential (c) 6 V 
(d) -36 uC on both the capacitors 
36. (a) -6.0V (b)b (c) 60V (d) -54.0 uC 
37,0) =" a-e) (b) -Vet V Mags 
2 2R  6R 2R 3RC 
LEVEL 2 
Single Correct Option 
1.(c) 2.(b) 3.(d) 4.(c) 5.(d) 6.(d) 7.(d) 8.(b) 9.(c) 10.(d) 


11.(d) 12.b 13.(d) 14.(c) 15.(c) 16.(a) 17.(b) 18.(b)  19.b)  20.(0 
21.(c) 22.(d)  23.(b) 24.(d) 25.(a)  26.(b  27.(c)  28.(a)  29.(b)  30.(b) 
31.(d) 32.(c)  38.(b) 34.(c) 


More than One Correct Options 
1. (a,c,d) 2.(b,c,d) 3.(b,c) 4. (a,b,d) 5.(b,c) 6. (a,d) 7.(a,b,d) $8.(a,b,c) 9.(a,b,c,d) 10. (b) 


Comprehension Based Questions 


1.(b) 2.(a) 3.(b) 4.(a) 


Match the Columns 


Oa e wN Ja 


(a)> q (b)2 p (c)> p (d)> p 
(a)> s (b)—> p (c)>r (d)> s 
(@)> q (bÞ)> pr (c)>q (d) > p,s 
(a)>r (b) p (c)> s 

(a)> s (b)> s (c)> s 

(a)> p (b)> pq (oos (d) > p.q,r 


Subjective Questions 
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5 (&A af £5ÀV, 
1. AN (a0) b = 0/* "0 = 
@ $ (8) a (855). 


3. -12y -2y oy 


5 5 5- 3b 


£ (25%) 2. (a) 80V (b) 57.6 mJ, 38.4 mJ 


4. 2.5 A, 0.6 A 5. 44.4 mJ 


6. (a) 3 A, 2.67A (b) 24 V (c) 11.1us 7. -V= vol. CAD q=ECz gas 
3 (C; + C2) 
9. (i) 90uC, 210uC,150uC (ii) (a) 47.4 mJ. (b) 18 mJ 
2 
10. (a) q = e do and Q= NS %, i=- e-URC (b) AH = . GC»  hereC- E 
Cac E RC, SE, + C3) C+C, 
11.0.1930A 12. (a) = X (b) .dx (c) 13. (a) 225x 105 V (b) «1uC 
269A x oA x 
14. Fig. (a) Fig. (b) 
6uF 3uF 1uF 6uF 2uF 
(i) | PD (volts) | 30 30 | 0 | 10 30 
charge (uC) 180 90 0 60 60 
(ii) | PD (volts) 0 90 100 25 75 
charge (uC) 0 270 100 150 150 


(ii) V, = 75 volt 


15. 15 uC, 15 uC 


16. (a) Att=0, ij23mA, iyalmA i2 2 mA At t2 c, 
h=i,=1.8 mA, i=0 (b) At t=0, V2 6kV At t= c, V, 2 10.8 kV 


(c) V5 = (10.8 - 4.8e- 9^) kV 
2t 


17. q- = i = dd 18. H, = 0.075 mJ, H4 20.05 mJ, Hg - 0.025 mJ 


19. (a) E. (b) CE [5 ~ 2e] — 29. ec(1- 3E VC 21, (003695 A 
i 6 e e? 
VR VED 

22. i 23. 

I 

I 

| 

o l t t 

24. Vo = 50 (36 7% — 1), Vp 2150e?9* — 25, (a) Za or = A (b) Q,=9uC, Q, = 
26.i-(0.04e ^9? )A fort< 250us, =- (0.11 e4000) A for t > 250 us 


For i -t graph, see the hints. 


(IoRY CC; 
2(C, + Co) 


27. 
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26.1 Introduction 


The fascinating attractive properties of magnets have been known since ancient times. The word 
magnet comes from ancient Greek place name Magnesia (the modern town Manisa in Western 
Turkey), where the natural magnets called lodestones were found. The fundamental nature of 
magnetism is the interaction of moving electric charges. Unlike electric forces which act on electric 
charges whether they are moving or not, magnetic forces act only on moving charges and current 
carrying wires. 

We will describe magnetic forces using the concept of a field. A magnetic field is established by a 
permanent magnet, by an electric current or by other moving charges. This magnetic field, in turn, 
exerts forces on other moving charges and current carrying conductors. In this chapter, first we study 
the magnetic forces and torques exerted on moving charges and currents by magnetic fields, then we 
will see how to calculate the magnetic fields produced by currents and moving charges. 


26.2 Magnetic Force on a Moving Charge (F,, 


An unknown electric field can be determined by magnitude and direction of the force on a test charge 
qo at rest. To explore an unknown magnetic field (denoted by B), we must measure the magnitude and 
direction of the force on a moving test charge. 

The magnetic force (F,,,) on a charge q moving with velocity v in a magnetic field Bis given, both in 
magnitude and direction, by 


FE, =q (v xB) (i) 
Following points are worthnoting regarding the above expression. 
(i) The magnitude of F,, is 
F,,— BqvsinO 
where, 0 is the angle between v and B. 
(ii) F,, is zero when, 
(a) B =0, i.e. no magnetic field is present. (b) q =0, i.e. particle is neutral. 
(c) v «0, i.e. charged particle is at rest or (d) 0 =0° or 180°, ie. vTT Bor v NB 
(iii) F,, is maximum at 0 290? and this maximum value is Bqv. 


(iv) The units of B must be the same as the units of F/qv. Therefore, the SI unit of B is equivalent to 


N- : . : 
EE This unit is called the tesla (abbreviated as T), in honour of Nikola Tesla, the prominent 
-m 


Serbian-American scientist and inventor. 
Thus, 
IN-s_ IN 


1 tesla =1T= = 
Cm A-m 


The CGS unit of B, the gauss (1G —10 ^ T) is also in common use. 


(v) In equation number (i) q is to be substituted with sign. If q is positive, magnetic force is along 
vx Band if q is negative, magnetic force is in a direction opposite to v x B. 
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(vi) Direction of F,, From the property of cross product we can infer that F,, is perpendicular to 
both v and Bor it is perpendicular to the plane formed by v and B. The exact direction of F,, can 
be given by any of the following methods: 

(a) Direction of F,, — (sign of q) (direction of v x B) or, as we stated earlier also, 
F,, 1T vx B ifq is positive and 
F, Tl] vxB ifq is negative. 


(b) Fleming's left hand rule According to this rule, the forefinger, the central finger and the 
thumb ofthe left hand are stretched in such a way that they are mutually perpendicular to each 
other. If the central finger shows the direction of velocity of positive charge (v, ) and 
forefinger shows the direction of magnetic field (B), then the thumb will give the direction of 
magnetic force (F,, ). If instead of positive charge we have the negative charge, then F,, is in 
opposite direction. 

Thumb 4 Fm 


B 
Forefinger 


7 Central finger 


Fig. 26.1 


(c) Right hand rule Wrap the fingers of your right hand around the line perpendicular to the 
plane of v and Bas shown in figure, so that they curl around with the sense of rotation from v 
to B through the smaller angle between them. Your thumb then points in the direction of the 
force F,, on a positive charge. (Alternatively, the direction of the force F,, on a positive 


charge is the direction in which a right hand thread screw would advance if turned the same 


way). 
y) Fin 4 Fm = vxB 


Right hand rule 


Fig. 26.2 


T d : : ; ; 
(vii) F,, LvorF,, L = Therefore, F,,, - ds or the work done by the magnetic force in a static magnetic 


field is zero. 
We = 0 


So, from work energy theorem KE and hence the speed of the charged particle remains constant 
in magnetic field. The magnetic force can change the direction only. It cannot increase or 


decrease the speed or kinetic energy of the particle. 
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Note By convention the direction of magnetic field B perpendicular to the paper going inwards is shown by (X) 


and the direction perpendicular to the paper coming out is shown by (9). 


© & & © © © 
© & Q © © © 
© © ® © © © 
Direction of B perpendicular Direction of B perpendicular 
to paper inwards to paper outwards 
Fig. 26.3 


© Example 26.1 A charged particle is projected in a magnetic field 


B=(31+4j) x10? T 
The acceleration of the particle is found to be 

a - (xi + 2j m/s? 
Find the value of x. 
Solution As we have read, F,, | B 


i.e. the acceleration alB or a. B-0 
or (xi 4-2) Gi + 4) x 10? 20 
or (3x4 8)x10? 20 
sim! Ans. 


© Example 26.2 When a proton has a velocity v -(2i + 3p x 108 m/s, it 


experiences a force F = — (1.28 x 10-1? k) N. When its velocity is along the 
z-axis, it experiences a force along the x-axis. What is the magnetic field? 
HOW TO PROCEED In the second part of the question, it is given that magnetic force 
is along x-axis when velocity is along z-axis. Hence, magnetic field should be along 
negative y-direction. As in case of positive charge (here proton) 

F, 1T vx B 
So, let B=- Boj 
where, B = positive constant. 
Now, applying F,, = q(v x B) we can find value of By from the first part of the 
question. 
Solution Substituting proper values in, F„ = q (vx B) 


We have, — (128x107? K)- (1.6x107? )[(2i 35) x (By j)] x 10° 
1.282 1.6x 2x By 
or By = Ls 0.4 
3.2 


Therefore, the magnetic field is B-(-04 j) T Ans. 
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© Example 26.3 A magnetic field of (4.0 x 10? k) T exerts a force 
(4.0 i - 3.0 D x 107? N on a particle having a charge 107? C and moving in the 
x-y plane. Find the velocity of the particle. 
Solution Given, B=(4x10°k)T, q=10° C 
and magnetic force F„ = (4.0i + 3.0]) x 10 N 
Let velocity of the particle in x-y plane be 
v=v,i+v,] 
Then, from the relation 
FE, -q(vx B) 
We have 
(4.01 3.0] x 10? 210? [(v d v, x (4x 10° K)] 
- (4v, x107? i — 4v, x107? jp 
Comparing the coefficients of i and j , we have 


4x107? =4y, x 10? 


v, 210^ m/s = 100 m/s 


and 3.0x10 7? =- 4v, x 10? 
v, —— 75 m/s 
v- (- 75i + 1003) m/s Ans. 
INTRODUCTORY EXERCISE 


1. Write the dimensions of E/B. Here, E is the electric field and B the magnetic field. 
2. In the relation F2 q (v xB), which pairs are always perpendicular to each other. 


3. If a beam of electrons travels in a straight line in a certain region. Can we say there is no 
magnetic field? 

4. A charge q =—4uC has an instantaneous velocity v = 2i = 3j + k) x 108 m/s in a uniform 
magnetic field B — Qi + 5j -3 k) x 10? T. What is the force on the charge? 

5. A particle initially moving towards south in a vertically downward magnetic field is deflected 
toward the east. What is the sign of the charge on the particle? 

6. An electron experiences a magnetic force of magnitude 4.60 x 10775 N, when moving at an 
angle of 60° with respect to a magnetic field of magnitude 3.50 x 10? T. Find the speed of the 
electron. 

7. He% ion travels at right angles to a magnetic field of 0.80 T with a velocity of 10? m/s. Find the 
magnitude of the magnetic force on the ion. 
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26.3 Path of a Charged Particle in Uniform Magnetic Field 


The path of a charged particle in uniform magnetic field depends on the angle 0 (the angle between v 
and B ). Depending on the different values of 0, the following three cases are possible. 


Case1| WhenOis 0? or 180? 


As we have seen in Art. 26.2, F,, — 0, when 0 is either 0° or180?. Hence, path of the charged particle is 
a straight line (undeviated) when it enters parallel or antiparallel to magnetic field. 


>B >B 
> or > 
k c c NM ÉL llus 9" 
T a 
Fin = 0 
Fig. 26.4 


Case2 When 9 = 90° 


When 6 = 90°, the magnetic force is F „ = Bqv sin 90° = Bqv. This magnetic force is perpendicular to 


the velocity at every instant. Hence, path is a circle. The necessary centripetal force is provided by the 
magnetic force. Hence, if r be the radius of the circle, then 


or r= — 


This expression of r can be written in the following different ways 


mv Km qVm 
p «x2 424Vi 


H= = 
Bq Bq Bq Bq 


Here, p = momentum of particle 
2 
K «KE of particle = = or p-«2Km 
m 


We also know that if the charged particle is accelerated by a potential difference of V volts, it acquires 
a KE given by 

KzqV 
Further, time period of the circular path will be 


mv 
2n | — 
2nr — (=) |. 2nm 


y y Bq 


or 
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2 
or The angular speed (œ) of the particleis œ = — = — 


Frequency of rotation is f= 
or = —— 


The following points are worthnoting regarding a circular path: 


(i) The plane of the circle is perpendicular to magnetic field. If the magnetic field is along 


z-direction, the circular path is in x-y plane. The speed of the particle does not change in magnetic 
field. 


Hence, if v, be the speed of the particle, then velocity of particle at any instant of time will be 
ME 
where, v2 +v 2 và 


(ii) T, f and o are independent of v while the radius is directly proportional to v. 


x x x x x x x x 
x x x x x x x x 
~] N 
x x +) x x x D” x x 
q,m q, m 
Fig. 26.5 


Hence, if two charged particles of equal mass and charge enter in a magnetic field B with 
different speeds v, and v, (> v, ) at right angles, then 


fef 
but Dn 


as shown in figure. 


Note Charge per unit mass T is known as specific charge. It is sometimes denoted by a. So, in terms of o, the 
m 


above formulae can be written as 


r2, pat gu and o=Ba 
2T 


Case 3, When 0 is other than 0°, 180? or 90° 


In this case velocity can be resolved into two components, one along B and another perpendicular to 
B. Let the two components be v, and v, . 
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Then, 
y, =v cos 
and v, =vsin@ 
>B 
vsine 
5 
vcos8 
> 
Fig. 26.6 


The component perpendicular to field (v, ) gives a circular path and the COO Y Y 
component parallel to field (v |) gives a straight line path. The resultant path is Fig. 26.7 


a helix as shown in figure. 
The radius of this helical path is 


mv,  mvsinO 
r= = 


— Bq Bq 
Time period and frequency do not depend on velocity and so they are given by 
2n B 
T- = and f= ER 
Bq "^ 2mm 


There is one more term associated with a helical path, that is pitch (p) of the helical path. Pitch is 
defined as the distance travelled along magnetic field in one complete cycle. 


i.e. P = V | T 
2T 
or p=(vcos8) = 
Bq 
_ 2mmvcos0 
Bq 


© Example 26.4 Two particles A and B of masses m, and mp respectively and 
having the same charge are moving in a plane. A uniform magnetic field exists 
perpendicular to this plane. The speeds of the particles are v 4 and vg 
respectively and the trajectories are as shown in the figure. Then, (JEE 2001) 
o o Ao o o 


Fig. 26.8 


(a) MAVA < nigUp (b) MAUA > Mpup 
c)m, < mgandv,«v (d) m4 » mg and v, =v 
A B A< UB A B A =UB 
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Solution Radius of the circle E 
q 


or radius « mvif B and q are same. 
(Radius) , > (Radius )5 
m, V4 > Mp Vp 
Correct option is (b). 
Example 26.5 A proton, a deuteron and an a-particle having the same kinetic 


energy are moving in circular trajectories in a constant magnetic field. If rjr 
and r, denote respectively the radii of the trajectories of these particles, then 


(a) r2 ry € rq (D) T,» Ta rT, (JEE 1997) 
(c) ra= rq ors (d) Tp=Ta=To 
Solution Radius of the circular path is given by 
re v2Km 
Bq Bq 


Here, K is the kinetic energy to the particle. 


Therefore, r o vm if K and B are same. 
q 


a 


PET DOM 
Hence, AK cg «n 
Correct option is (a). 
Example 26.6 Two particles X and Y having equal charges, after being 


accelerated through the same potential difference, enter a region of uniform 
magnetic field and describe circular paths of radii R,and R, , respectively. The 


ratio of the mass of X to that of Y is (JEE 1988) 
(a) (Ry R,)" (b) RR, 
(c) (RJ RS)? (d) R/R, 
J24 Vi 
Solution R= eae il 
Bq 
or Re Am 
or Ri = [E 
R5 my 
2 
ae Oe (=) 
my R5 


Correct option is (c). 
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INTRODUCTORY EXERCISE 


1. A neutron, a proton, an electron and ana- particle enter a region of constant magnetic field with 
equal velocities. The magnetic field is along the inward normal to the plane of the paper. The 


tracks of the particles are labeled in figure. The electron follows track...... and the a- particle 
follows track...... (JEE 1984) 
x x x x x x x 
C 
x x x X^ X x x 


Fig. 26.9 


2. An electron and a proton are moving with the same kinetic energy along the same direction. 
When they pass through a uniform magnetic field perpendicular to the direction of their motion, 
they describe circular path of the same radius. Is this statement true or false? (JEE 1985) 


3. A charged particle enters a region of uniform magnetic field at an angle of 85° to the magnetic 
line of force. The path of the particle is a circle. Is this statement true or false? (JEE 1983) 


4. Can a charged particle be accelerated by a magnetic field. Can its speed be increased? 

5. An electron beam projected along positive x-axis deflects along the positive y-axis. If this 
deflection is caused by a magnetic field, what is the direction of the field? 

6. An electron and a proton are projected with same velocity perpendicular to a magnetic field. 
(a) Which particle will describe the smaller circle? 
(b) Which particle will have greater frequency? 

7. An electron is accelerated through a PD of 100 V and then enters a region where it is moving 


perpendicular to a magnetic field B = 0.2 T. Find the radius of the circular path. Repeat this 
problem for a proton. 


26.4 Magnetic Force on a Current Carrying Conductor 


A charged particle in motion experiences a magnetic x x x “Fax x x xB 
force in a magnetic field. Similarly, a current carrying A 
wire also experiences a force when placed in a | | Vu -——3 f i 
magnetic field. This follows from the fact that the l 

current is a collection of many charged particles in X cx g o X e o X0 0X 
motion. Hence, the resultant force exerted by the field ; >| 

on the wire is the vector sum of the individual forces 

exerted on all the charged particles making up the Fig. 26.10 


current. The force exerted on the particles is transmitted 
to the wire when the particles collide with the atoms 
making up the wire. 
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Suppose a conducting wire carrying a current i is placed in a magnetic field B. The length of the wire 
is and area of cross-section is A. The free electrons drift with a speed v, opposite to the direction of 
current. The magnetic force exerted on the electron is 


dF, =—e(vq x B) 
If n be the number of free electrons per unit volume of the wire, then total number of electrons in 
volume A/ of the wire are, nA/. Therefore, total force on the wire 1s 
EF, =—e(nAl) (v ; x B) 
If we denote the length / along the direction of the current by I, then the above equation becomes 
FE, -i(I x B) ... (1) 
where, neAv, =i 
The following points are worthnoting regarding the above expression : 
(i) Magnitude of F,, is, F,, = iB sin®, here 0 is the angle between I and B. F,,, is zero for 0 — 0? or 
180? and maximum for 0 = 90°. 
(ii) Here, l is a vector that points in the direction of the current i and has a magnitude equal to the 
length. 
(iii) The above expression applies only to a straight segment of wire in a uniform magnetic field. 


(iv) For the magnetic force on an arbitrarily shaped wire segment, let us consider the magnetic force 
exerted on a small segment of vector length dl. 


ap °° is 
i 
(a) (b) 
Fig. 26.11 
dF,, =i(d1xB) ... (ii) 


To calculate the total force F,, acting on the wire shown in figure, we integrate Eq. (ii) over the 
length of the wire. 


D 
F, =i] (a1 x B) ...(iii) 


Now, let us consider two special cases involving Eq. (iii). In both cases, the magnetic field is 
taken to be constant in magnitude and direction. 


Case1, A curved wire ACD as shown in Fig. (a) carries a current i and is located in a uniform 
magnetic field B. Because the field is uniform, we can take B outside the integral in Eq. (iii) and 
we obtain, 


F, =i([Pat)xB .. (iv) 


D 
But, the quantit dl represents the vector sum of all length elements from A to D. From the 
q T 


polygon law of vector addition, the sum equals the vector I directed from A to D. Thus, 
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F, =i (1x B) 


or we can write 


Fiucp =F 4p =i(AD x B) | in uniform field. 


Case2 An arbitrarily shaped closed loop carrying a current iis placed in a uniform magnetic 
field as shown in Fig. (b). We can again express the force acting on the loop in the form of 
Eq. (iv), but this time we must take the vector sum of the length elements dl over the entire loop, 


E, =i (p dl) x B 


Because the set of length elements forms a closed polygon, the vector sum must be zero. 


F,,=0 


Thus, the net magnetic force acting on any closed current carrying loop in a uniform 
magnetic field is zero. 


(v) The direction of F 


can be given by Fleming's left hand rule as Thumb F” 


m 


discussed in Art. 26.2. According to this rule, the forefinger, the 

central finger and the thumb of the left hand are stretched in such 

a way that they are mutually perpendicular to each other. If the P roretiniàr 
central finger shows the direction of current (or I) and forefinger 

shows the direction of magnetic field (B), then the thumb will ior! 

give the direction of magnetic force (F,, ). Central finger 


Fig. 26.12 


© Example 26.7 A horizontal rod 0.2 m long is mounted on a balance and 


carries a current. At the location of the rod a uniform horizontal magnetic field 
has magnitude 0.067 T and direction perpendicular to the rod. The magnetic 
force on the rod is measured by the balance and is found to be 0.13 N. What is 
the current? 
Solution F = ilB sin 90° 

OF 043 

TB 0.2x 0.067 


=9.7A Ans. 


Example 26.8 A square of side 2.0 m is placed in a 
uniform magnetic field B =2.0T in a direction : 
perpendicular to the plane of the square inwards. Equal 
current i = 3.0 A is flowing in the directions shown in x 
figure. Find the magnitude of magnetic force on 

the loop. x 


Solution Force on wire ACD = Force on AD = Force on AED 
Net force on the loop = 3 (E55 ) 
or Faot 23) (AD) (B) 
= (3) (3.0) (2V2) (2.0) N= 36/2N 


Direction of this force is towards EC. 
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© Example 26.9 In the figure shown a semicircular wire loop is placed in a 
uniform magnetic field B — 1.0 T. The plane of the loop is perpendicular to the 
magnetic field. Current i = 2 A flows in the loop in the directions shown. Find 
the magnitude of the magnetic force in both the cases (a) and (b). The radius of 
the loop is 1.0 m 


Fig. 26.14 


Solution Refer figure (a) It forms a closed loop and the i 
current completes the loop. Therefore, net force on the loop in x 
uniform field should be zero. Ans. 


Refer figure (b) In this case although it forms a closed loop, but B 
current does not complete the loop. Hence, net force is not zero. 


F,cp =Fup Fig. 26.15 
Foop = Fjc5 + Fap = 2Fap 
| Floop |= 2|Fyp| 
= 2ilB sin [= 2r= 2.0 m] 
= (2) (2) (2) (1) sin 90° = 8N Ans. 
INTRODUCTORY EXERCISE 


1. A wire of length/ carries a current; along the x-axis. A magnetic field B = By + k) exists in the 
space. Find the magnitude of the magnetic force acting on the wire. 

2. In the above problem will the answer change if magnetic field becomes B = Bg (i + j + k). 

3. A wire along the x-axis carries a current of 3.50 A in the negative direction. Calculate the force 
(expressed in terms of unit vectors) on a 1.00 cm section of the wire exerted by these magnetic 


fields 
(a) B--(0.66T)] (b) B=+(0.56T)k (c) B=-(0.31T)i 
(d) B= + (0.33 T) i - (0.28 T) k (e) B= «(0.74 T) j - (0.36 T) k 


4. Find net force on the equilateral loop of side 4 m carrying a current of 2 A kept in a uniform 
magnetic field of 2 T as shown in figure. 
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26.5 Magnetic Dipole 


Every current carrying loop is a magnetic dipole. It has two poles: south (S) and north (N ). This is 
similar to a bar magnet. Magnetic field lines emanate from the north pole and after forming a closed 
path terminate on south pole. Each magnetic dipole has some magnetic moment (M). The magnitude 
of Mis 


|M|= NiA 
Here, N = number of turns in the loop 
i= current in the loop and 
A = area of cross-section of the loop. 


For the direction of M any one of the following methods can be used: 

(i) As in case of an electric dipole, the dipole moment p has a direction from 
negative charge to positive charge. In the similar manner, direction of M is AD = 
from south to north pole. The south and north poles can be identified by the 
sense of current. The side from where the current seems to be clockwise Fig. 26.17 
becomes south pole and the opposite side from where it seems 
anti-clockwise becomes north pole. 

I 


yc 


a 
(a) (b) (c) 
Fig. 26.18 
Now, let us find the direction and magnitude of M in the three loops shown in Fig. 26.18. 
Refer figure (a) In this case, current appears to be clockwise from outside the paper, so this 
side becomes the south pole. From the back ofthe paper it seems anti-clockwise. Hence, this side 
becomes the north pole. As the magnetic moment is from south to north pole. It is directed 
perpendicular to paper inwards. Further, 
|M|= NiA = xR? i 
Refer figure (b) Here, opposite is the case. South pole is into the paper and north pole is 
outside the paper. Therefore, magnetic moment is perpendicular to paper in outward direction. 
The magnitude of Mis 
IM|- a?i 
Refer figure (c) In this case, south pole is on the right side ofthe loop and north pole on the left 
side. Hence, M is directed from right to left. The magnitude of magnetic moment is 
|M|= abi 
(ii) Vector M is along the normal to the plane of the loop. The orientation (up or down along the 
normal) is given by the right hand rule. Wrap your fingers of the right hand around the perimeter 
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of the loop in the direction of current as shown in figure. Then, extend your thumb so that it is 
perpendicular to the plane of the loop. The thumb points in the direction of M. 


Fig. 26.19 


© Extra Points to Remember 

e |n addition to the method discussed above for finding M here are two more A zs B 
methods for calculating M. 
Method 1 This method is useful for calculating M for a rectangular or square | 
loop. 
The magnetic moment (M) of the rectangular loop shown in figure is D < C 

M = i (AB x BC) =/ (BC x CD) =/ (CD x DA) = i (DA x AB) Fig 26.20 

Here, the cross product of any two consecutive sides (taken in order) gives the 
area as well as the correct direction of M also. 


yi 


Note If coordinates of vertices are known. Then, vector of any side can be written in terms of 
coordinates, e.g. 


Method 2 Sometimes, a current carrying loop does not lie in a single plane. But by assuming two equal 
and opposite currents in one branch (which obviously makes no change in the given circuit) two (or more) 
closed loops are completed in different planes. Now, the net magnetic moment of the given loop is the 
vector sum of individual loops. 


Fig. 26.21 


For example, in Fig. (a), six sides of a cube of side / carry a current in the directions shown. By assuming 
two equal and opposite currents in wire AD, two loops in two different planes (xy and yz) are completed. 


M,gcpa = -ik 
Manara =- iP i 
M, =- if (i +k) 
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© Example 26.10 A square loop OABCO of side l carries a current i. It is placed 
as shown in figure. Find the magnetic moment of the loop. 


Fig. 26.22 


Solution As discussed above, magnetic moment of the loop can be written as 
M=i(BCx CO) 


Here, BC- - IK, CO - - Ios Î -Isin 60° je - 1i 3313 
A be a 
M=i|(-/k)x i j 
i? a A 
or M=— (j- v3i) Ans. 


© Example 26.11 Find the magnitude of magnetic moment of the current 
carrying loop ABCDEFA. Each side of the loop is 10 cm long and current in the 
loop is i 2 2.0 A. 


Fig. 26.23 
Solution By assuming two equal and opposite currents in BE, SERE 
two current carrying loops (ABEFA and BCDEB) are formed. Their 
magnetic moments are equal in magnitude but perpendicular to 
each other. Hence, NER: E 
Ma 74M? +M? - 42M / a 
A F 
where, M = iA = (2.0) (0.1) (0.1) = 0.02 A-m? Fig. 26.24 


M net = (42) (0.02) A-m? 
= 0.028 A-m? Ans. 
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26.5 Magnetic Dipole in Uniform Magnetic Field 


Let us consider a rectangular (a x b) current carrying loop OACDO placed in xy- plane. A uniform 


magnetic field 
B=B,i+B,j+B.k 


Fig. 26.25 


exists in space. 
We are interested in finding the net force and torque in the loop. 
Force: Net force on the loop is 
F=Fo, + Fyc + Fep t+ Fpo 
=i[ (OA x B) + (AC x B) + (CD x B) + (DO x B)] 
-i[(OA + AC +CD + DO) x BJ 
= null vector 
or |F|=0, as OA+AC+CD+ DO forms a null vector. 


Using F =i (1 x B), we have 
Fo, =i (OA x B) i[(ai) x (B,i +B, j B; k)]- ia[B,k — B. j] 
F yc =i (AC XB) =i [(bj) x (B,i + B, j + B, K)]- ib[-B,k B. i] 
Fep =i (CD x B) 2 i[(-ai) x (B, i € Bj B, k)] =ia[-B,k +B. j] 
Fpo =i (DO x B) =i[(-bj) x (B,i + B, j - B. k)]- ib[B,k — B. i] 


All these forces are acting at the centre of the wires. For example, Fy, will act at the centre of OA. 
When the forces are in equilibrium, net torque about any point remains the same. Let us find the 


torque about O. 


Fig. 26.26 


E, F,G and H are the mid-points of OA, AC, CD and DO, respectively. 
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t=r x F, we have 
To = (OE x Fo; ) + (OF x Fc) - (OG x Fop ) + (OH x F5) 


-|($i) x fia (B, k DUI «(a +25) x (ib (-B,k «nbi 


+ (Gi * ti x fia (-B ,k 2] + (3 i x ib (Bk — 2] 


Using 


= iab B, j — iabB i 
This can also be written as 
to = (iabk) x (B,i+ B,j+B_k) 


Here, iabk — magnetic moment of the dipole M 


and B,i+B,j+B.k=B 


t=MxB 


Note that although this formula has been derived for a rectangular loop, it comes out to be true for any 
shape of loop. The following points are worthnoting regarding the torque acting on the loop in 
uniform magnetic field. 
(i) Magnitude of t is MB sin0 or NiAB sinO. Here, 0 is the angle between M and B. Torque is zero 
when 0 = 0? or 180° and it is maximum at 0 = 90°. 
(ii) If the loop is free to rotate in a magnetic field, the axis of rotation becomes an axis parallel to t 
passing through the centre of mass of the loop. 


The above equation for the torque is very similar to that of an electric dipole in an electric field. The 
similarity between electric and magnetic dipoles extends even further as illustrated in the table below. 


Table 26.1 
S.No. Field of similarity Electric dipole Magnetic dipole 
1. Magnitude |p| 2 9 (22) |M| = NiA 
2. Direction from -q to +q from S to N 
3. Net force in uniform field zero zero 
4. Torque T=pxE t=MxB 
5. Potential energy U=-p-E U=-M-B 
6. | Work done in rotating the dipole Wa, _ 4, = PE (cos®, — cos6;) We, - o, = MB (cos®, - cos6;) 
7 Field along axis pg- | .2P g- Ho. 2M 
Ane, r’ 4n DP 
8. Field perpendicular to axis E-- 1 P B=- Ho M 
Ane, r? 4n p? 
Note In last two points r >> size of loop. 
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Note that the expressions for the magnetic dipole can be obtained from the expressions for the electric 


1 
dipole by replacing pby Mande, by —. Here, [1g is called the permeability of free space. It is related 
Ho 


with €, and speed of light c as 
1 


VEH o 


C= 


and it has the value, 


Uo 74x x10” T-m/A 


Dimensions of 


are that of speed or LT J: 


1 
4€oH o 


A 
Hence, -[LT |] 
| VE otto | 


© Example 26.12 A circular loop of radius R = 20 cm is placed in a uniform 
magnetic field B — 2 T in xy-plane as shown in figure. The loop carries a current 
i =1.0 Ain the direction shown in figure. Find the magnitude of torque acting 


on the loop. 
Ya 
: B 
I 
45° >X 
Fig. 26.27 
Solution Magnitude of torque is given by 
|t |= MBsinO 
Here, M = NiA = (1) (1.0) (1) (0.2? 
= (0.04 T) A-m? 
B=2T 
and 0 = angle between M and B= 90° 
|t |= (0.04 T) (2) sin 90° 
= 0.25 N-m Ans. 


Note M is along negative z-direction (perpendicular to paper inwards) while B is in xy-plane. So, the angle 
between M and B is 90? not 45°. If the direction of torque is also desired, then we can write 


B-2cos45*i + 2sin 45° j 2 J2 (i+ f) T 
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and M =- (0.04 x) k A-m? 

* t: -MxB- (0.04 J2x) (-j + i) 

or t=0.18 (i - f) Ans. 
INTRODUCTORY EXERCISE 


1. A charge q is uniformly distributed on a non-conducting disc of radius R. It is rotated with an 
angular speed o about an axis passing through the centre of mass of the disc and perpendicular 
to its plane. Find the magnetic moment of the disc. 


[Hint : For any charge distribution : Magnetic moment = (=) (angular momentum)] 
m 


2. A circular loop of wire having a radius of 8.0 cm carries a current of 0.20 A. A vector of unit 
length and parallel to the dipole moment M of the loop is given by 0.60 i — 0.80 j. If the loop is 


located in uniform magnetic field given by B= (0.25 Di + (0.30 T) k find, 


(a) the torque on the loop and 
(b) the magnetic potential energy of the loop. 

3. A length L of wire carries a current i. Show that if the wire is formed into a circular coil, then the 
maximum torque in a given magnetic field is developed when the coil has one turn only, and that 
maximum torque has the magnitude t = L7iB/4n. 


4. A coil with magnetic moment 1.45 A-m? is oriented initially with its magnetic moment 
antiparallel to a uniform0.835 T magnetic field. What is the change in potential energy of the coil 
when it is rotated 180? so that its magnetic moment is parallel to the field? 


26.7 Biot Savart Law 


In the preceding articles, we discussed the magnetic force exerted on a 
charged particle and current carrying conductor in a magnetic field. To 
complete the description of the magnetic interaction, this and the next article 
deals with the origin of the magnetic field. As in electrostatics, there are two 
methods of calculating the electric field at some point. One is Coulomb's law 
which gives the electric field due to a point charge and the another is Gauss's 
law which is useful in calculating the electric field of a highly symmetric 
configuration of charge. Similarly, in magnetics, there are basically two 
methods of calculating magnetic field at some point. One is Biot Savart law Fig. 26.28 
which gives the magnetic field due to an infinitesimally small current 

carrying wire at some point and the another is Ampere's law, which is useful in calculating the 
magnetic field of a highly symmetric configuration carrying a steady current. 


We begin by showing how to use the law of Biot and Savart to calculate the magnetic field produced 
at some point in space by a small current element. Using this formalism and the principle of 
superposition, we then calculate the total magnetic field due to various current distributions. 


From their experimental results, Biot and Savart arrived at a mathematical expression that gives the 
magnetic field at some point in space in terms ofthe current that produces the field. That expression is 
based on the following experimental observations for the magnetic field dB at a point P associated 
with a length element dl of a wire carrying a steady current i. 
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(i) The vector dB is perpendicular to both dl (which points in the direction of the current) and the 
unit vector r directed from dl to P. 


(ii) The magnitude of dB is inversely proportional to r?°, where r is the distance from dl to P. 


(iii) The magnitude of d Bis proportional to the current and to the magnitude dl of the length element 
dl. 


(iv) The magnitude of dB is proportional to sin where 0 is the angle between dl and r. These 
observations are summarized in mathematical formula known today as Biot Savart law 


_ Ho P(dl x f£) 


dB (Gi 
4n r? ( ) 
T- 
Here, Po -107 — 
4T A 


It is important to note that d B in Eq. (1) is the field created by the current in only a small length 
element dl of the conductor. To find the total magnetic field B created at some point by a current 
of finite size, we must sum up contributions from all current elements that make up the current. 
That 1s, we must evaluate B by integrating Eq. (1). 


pores 
4n r? 


where, the integral is taken over the entire current distribution. This expression must be handled 
with special care because the integrand is a cross product and therefore, a vector quantity. 


The following points are worthnoting regarding the Biot Savart law. 
(i) Magnitude of dB is given by 


disi 
ja| =" i = 
4n 2 
| dB| is zero at 0 20? or 180? and maximum at 0 = 90°. 
(ii) For the direction of dB either of the following methods can be employed. 


© © i60 O0 


0000 
© 
= 
© 


® 
® 
® 
® 


Fig. 26.29 


(a) dBTT dl x t. So, dBis along dl x r. 


(b) If dlis in the plane of paper. d B = Oat all points lying on the straight line passing through dl. 
The magnetic field to the right of this line is in © direction and to the left of this line is in © 
direction. 
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26.8 Applications of Biot Savart Law 


Let us now consider few applications of Biot Savart law. 


Magnetic Field Surrounding a Thin, Straight Conductor 
According to Biot Savart law, 
palo í idl x È 
4T re 
As here every element of the wire contributes to Bin the same direction 
(which is here &). 


Eq. (1) for this case becomes, 


Ho | idlsin® _ Hal [ dysin® Fig. 26.30 
4n r? 4T r? 

y-dtanó or dy= (d sec ~~) do 

r-dsecó and 0-290?-6 

p-a V (dsec?0) do} sin (90° — 9) 


B= 


| Hol 
rios hee 2 
T (dsec $) 
or B= 7% [1,008 9- do or B =F 25 (sina +sinB) 


Note down the following points regarding the above equation. 
(i) For an infinitely long straight wire, œ 2 B =90° 


sina+sinB=2 or Bz—-— 


(ii) The direction of magnetic field at a point P due to along 
straight wire can be found by the right hand thumb rule. 
If we stretch the thumb of the right hand along the B 
current and curl our fingers to pass through P, the B 
direction of the fingers at P gives the direction of 
magnetic field there. Fig. 26.31 


1 
(iii) B œ d i.e. B-d graph for an infinitely long straight wire is a rectangular hyperbola as shown in 


the figure. 


Fig. 26.32 
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Magnetic Field on the Axis of a Circular Coil 


Suppose a current carrying circular loop has a radius R. Current in the loop is i. We want to find the 
magnetic field at a point P on the axis of the loop a distance z from the centre. 


We can take the loop in xy-plane with its centre at origin and point P on the z-axis. 
Pt * P(0,0,z) 


Fig. 26.35 
P - (0,0, z) 
O=(R cos 0, R sin9, 0) 
dl =- (Rd®) sin 0i + (Rd®) cos 0j 
f = unit vector along QP 
_ (-Rcos6i — R sin Oj + zk) 


r 


Here, r=distance OP - JR Pea? 


Now, magnetic field at point P, due to current element d l at Q is 


dB- p 5 (dix?) 
= p E [ŒR sin0 d6i + R cos dj) x (-R cos @i — R sin0j + zk)] 
or dB= 5e- (cn cos0 d0)i + (ZR sin0 d0)j+ (R^d0)k] 
-dB,i * dB, j * dB,k 
Here, dB, - F9. (zR cosedé) 
^ 4m p 
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dB, = m (ZR sin 68) 
) n, 
ad dB, = 72 do) 
Tr 
Integrating these differentials from 0 =0° to 0 =2m for the complete loop, we get 
B, I ;" cos6 dé =0 
T r 
iR (2 
Po 2 ^ odi 


and B= pid 
Substituting r = (R? + z?)!?, we get Bp=B,= 


For N number of loops, B= 


Note down the following points regarding a circular current carrying loop. 
(i) At the centre of the loop, z =0 


Ni 
and B (centre) = Hom 
2R 


(ii) For z >> R, z? +R? =z? 
p HoNIRT _ Lo (2NimR*) _ Uy \(2M 
273 4T 3 4n z? 


z 
Here, M = magnetic moment of the loop = Ni4 = NinR e 


: 2M 
This result was expected as the magnetic field on the axis of a dipole is me = 
Tr 


(iii) Direction of magnetic field on the axis of a circular loop can be obtained using the right hand 
thumb rule. If the fingers are curled along the current, the stretched thumb will point towards the 
magnetic field. 


Fig. 26.36 
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(iv) The magnetic field at a point not on the axis is mathematically difficult to calculate. We have 
shown qualitatively in figure the magnetic field lines due to a circular current. 


Fig. 26.37 


(v) Magnetic field is maximum at the centre and decreases as we move away from the centre (on the 
axis of the loop). The B-z graph is somewhat like shown in figure. 


B 
uoNi 
2R 
=z O Z 
Fig. 26.38 
(vi) Magnetic field due to an arc of a circle at the centre is : 
27 /2R 4n\R EX P 
"e 0 SUR 
Ho \( 7 joo d 
or b= EJ B 8 B Inwards 
Here, 0 is to be substituted in radians. Fig. 26.39 


Field Along the Axis of a Solenoid 


The name solenoid was first given by Ampere to a wire wound in a closely spaced spiral over a hollow 
cylindrical non-conducting core. If n is the number of turns per unit length, each carries a current i 
uniformly wound round a cylinder of radius R, the number of turns in length dx are ndx. Thus, the 
magnetic field at the axial point O due to this element dx is 


C9 69 & C9 & & C9 69 C9 09 


L 
Fig. 26.40 
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Ho  Gndx)R j 


dB -———————— 
2 (R? arpe 


Its direction is along the axis of the solenoid. From the geometry, we know 


dx 
kl 
Number of 
turns = ndx 
re 
Po M 
O gp x 
Fig. 26.41 
x-— RcotO 


dx =— R cosec? 0 - dO 
Substituting these values in Eq. (1), we get 


1 
dB =— a i -dO 


Total field B due to the entire solenoid is 
1 0 
B- ston), "C sin6) dO 


Homi 


B (cos, —cos0,) 


If the solenoid is very long (L >> R) and the point O is chosen at the middle, i.e. if, =180° and 
0, =0°, then we get 

B (centre) =U oni [For L >> R] 
At the end of the solenoid, 
0, =0°, 0, =90° and we get 


B (end) - uoni [For L >> R] 


WIL US 


Fig. 26.42 


Thus, the field at the end of a solenoid is just one half at the centre. The field lines are as shown in 
Fig. 26.42. 
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© Example 26.13 Ina high tension wire electric current runs from east to west. 
Find the direction of magnetic field at points above and below the wire. 


B 
(a) 
N 
Ww MEE E 
S 
(b) 
Fig. 26.43 


Solution When the current flows from east to west, magnetic field lines are circular round it as 
shown in figure (a). And so, the magnetic field above the wire is towards north and below the wire 
towards south. 


6 Example 26.14 A current path shaped as shown in figure produces a 
magnetic field at P, the centre of the arc. If the arc subtends an angle of 30? and 
the radius of the arc is 0.6 m, what are the magnitude and direction of the field 
produced at P if the current is 3.0 A. 


A 


Fig. 26.44 


Solution The magnetic field at P due to the straight segments AC and DE is zero. 


CD is arc of circle. 
s- (Ss. (N =1) 
21 JV 2R 


2 (19-7 (3-9) ( 
oe (38) (3) 


=2.62x107 T Ans. 


362 © Electricity and Magnetism 


© Example 26.15 Figure shows a current loop having two circular arcs joined 
by two radial lines. Find the magnetic field B at the centre O. 


Fig. 26.45 


Solution Magnetic field at point O, due to wires CB and AD will be zero. 
Magnetic field due to wire BA will be 


Direction of field B, is coming out of the plane of the figure. 
Similarly, field at O due to arc DC will be 


Direction of field B, is going into the plane of the figure. The resultant field at O is 
_ Mg 19 (b- a) 
4nab 


Coming out of the plane. 


© Example 26.16 The magnetic field B due to a current carrying circular loop of 
radius 12 cm at its centre is 0.5 x 10“ T. Find the magnetic field due to this 
loop at a point on the axis at a distance of 5.0 cm from the centre. 
Solution Magnetic field at the centre of a circular loop is 


p, o 
2R 
and that at an axial point, B,- - 0 = E 
2(R? +x?) 
B 3 
Thus, = 2 A 2 \3/2 
Bi (R tx ) 
R? 
m B, =B; es 
12y, 
Substituting the values, we have B, =(0.5X 10+ ) C 
(144 4- 25) 


-239x10? T Ans. 
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INTRODUCTORY EXERCISE 


1. (a) A conductor in the shape of a square of edge length / 20.4 m carries a 
current į — 10.0 A. Calculate the magnitude and direction of magnetic field 
at the centre of the square. it 

(b) If this conductor is formed into a single circular turn and carries the same 
current, what is the value of the magnetic field at the centre. 


- 
H 


i 
Fig. 26.46 


2. Determine the magnetic field at point P located a distance x from the corner of an infinitely long 
wire bent at right angle as shown in figure. The wire carries a steady currenti. 


i x P 


Fig. 26.47 


3. A conductor consists of a circular loop of radius R 2 10cm and two /=7.0A 
straight, long sections as shown in figure. The wire lies in the plane of the 
paper and carries a current of / = 7.00 A. Determine the magnitude and 
direction of the magnetic field at the centre of the loop. 


Fig. 26.48 


4. The segment of wire shown in figure carries a current of i 25.0 A, where the radius of the 
circular arc is R 23.0 cm. Determine the magnitude and direction of the magnetic field at the 
origin. (Fig. 26.49) 


Fig. 26.49 


5. Considerthe current carrying loop shown in figure formed of radial lines and segments of circles 
whose centres are at point P. Find the magnitude and direction of B at point P. (Fig. 26.50) 


Fig. 26.50 


364 © Electricity and Magnetism 


26.9 Ampere’s Circuital Law 


The electrical force on a charge is related to the electric field (caused by other charges) by the 
equation, 
F, =qE 
Just like the gravitational force, the static electrical force is a conservative force. This means that the 
work done by the static electric force around any closed path is zero. 
q pE-dl=0) 
Hence, we have fE :d120V 


In other words, the integral ofthe static (time independent) electric field around a closed path is zero. 


What about the integral ofthe magnetic field around a closed path? That is, we want to determine the 
value of 


pB-dl 


Here, we have to be careful. The quantity B: 41 does not represent some physical quantity, and 
certainly not work. Although the static magnetic force does no work on a moving charge, we cannot 
conclude that the path integral of the magnetic field around a closed path is zero. We are just curious 
about what this analogous line integral amounts to. 

The line integral $ B- dl ofthe resultant magnetic field along a closed, plane curve is equal to u times 
the total current crossing the area bounded by the closed curve provided the electric field inside the 
loop remains constant. Thus, 


$B aeu, Gu) wi) 
This is known as Ampere's circuital law. 
Eq. (1) in simplified form can be written as 

Bl 2j ss) ii) 
But this equation can be used only under the following conditions. 
(1) At every point of the closed path B || dl. 
(ii) Magnetic field has the same magnitude B at all places on the closed path. 
If this is not the case, then Eq. (i) is written as 
B, dl, cos0, + B dl, cos, +... =o (inet) 

Here, 0, is the angle between B, and dl, , 0, the angle between B, and dl, and so on. Besides the 
Biot Savart law, Ampere's law gives another method to calculate the magnetic field due to a given 
current distribution. Ampere's law may be derived from the Biot Savart law and Bio Savart law may 


be derived from the Ampere's law. However, Ampere's law is more useful under certain symmetrical 
conditions. To illustrate the theory now let us take few applications of Ampere's circuital law. 


Magnetic Field Created by a Long Current Carrying Wire 


A long straight wire of radius R carries a steady current i that is uniformly distributed through the 
cross-section of the wire. 
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For finding the behaviour of magnetic field due to this wire, let us divide the 
whole region into two parts. One is r 2 R and the another is r « R. Here, r is 
the distance from the centre of the wire. 


For r2 R: Let us choose for our path of integration circle 1. From z 
symmetry B must be constant in magnitude and parallel to dl at every point * 
on this circle. Because the total current passing through the plane of the 
circle is 7, Ampere’s law gives 


PB dl =H pine 


or Bl=\Woi [simplified form] 
or BQnr)-uoi 
pati: [for r >R] ...(iii) 
2n r 


Forr<R: Here, the current i^passing through the plane of circle 2 is less than the total current i. 
Because the current is uniform over the cross-section of the wire, the fraction of the current enclosed 
by circle 2 must equal the ratio of the area nr? enclosed by circle 2 to the cross-sectional area TR ? of 


the wire. 
i^ nr? adr. 
T= 2 => 1 = -5 1 
1 TR R 


Then, the following procedure same as for circle 1, we apply Ampere’s law to circle 2. 
js. dl =Holnet 


Bl-yu,i* [simplified form] 
E 
B Qnxr)-u, Ri i 
s-( is). [Forr«R] ...v) 
2xR 


This result 1s similar in the form to the expression for the electric field inside a uniformly charged 
sphere. The magnitude of the magnetic field versus r for this configuration is plotted in figure. Note 
that inside the wire B > 0 as r— 0. Note also that Eqs. (iii) and (iv) give the same value of the 
magnetic field at r = R, demonstrating that the magnetic field is continuous at the surface of the wire. 


Ba 


^Y 


Fig. 26.52 
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Magnetic Field of a Solenoid 


A solenoid is a long wire wound in the form of a helix. With this configuration, a reasonably uniform 
magnetic field can be produced in the space surrounded by the turns of wire, which we shall call the 
interior of the solenoid, when the solenoid carries a current. When the turns are closely spaced, each 
can be approximated as a circular loop, and the net magnetic field is the vector sum of the fields 
resulting from all the turns (as done in Art. 26.9). If the turns are closely spaced and the solenoid is of 
infinite length, the magnetic field lines are as shown in Fig. 26.53. 


Fig. 26.53 


One end of the solenoid behaves like the north pole (QJ) and the opposite end behaves like the south 
pole ( S ). As the length of the solenoid increases, the interior field becomes more uniform and the 
exterior field becomes weaker. An ideal solenoid is approached when the turns are closely spaced and 
the length is much greater than the radius of the turns. 

In this case, the external field is zero, and the interior field is uniform over a great volume. 

We can use Ampere’s law to obtain an expression for the interior magnetic field in an ideal solenoid. 
Fig. 26.54 shows a longitudinal cross-section of part of such a solenoid carrying a current i. Because 
the solenoid is ideal, B in the interior space is uniform and parallel to the axis, and B in the exterior 
space is zero. 


Consider the rectangular path of length ¿and width w as shown in figure. We can apply Ampere's law 
to this path by evaluating the line integral B- dl over each side of the rectangle. 
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[ias as — B=0 
(B: al), =0 as B 1 dl or B =O along these paths 
side 2 and 4 
| (B: dl) iq.) = Bl as Bis uniform and parallel to dl 


The integral over the closed rectangular path is therefore, 
PB. a1 - B 


The right side of Ampere's law involves the total current passing through the area bounded by the 
path of integration. 
In this case, 
inet = (number of turns inside the area) (current through each turn) 
= (nl) (i) (n = number of turns per unit length) 


Using Ampere’s law, jn. dl =U poinet 


or Bl=(uo) (nli) or | B-ugoni (v) 


This result is same as obtained in Art. 26.9. Eq. (v) is valid only for points near the centre (that is far 
from the ends) of a very long solenoid. The field near each end is half the value given by Eq. (v). 


© Example 26.17 A closed curve encircles several conductors. The line integral 
|B. dlaround this curve is 3.83 x 10^ T-m. 


(a) What is the net current in the conductors? 
(b) If you were to integrate around the curve in the opposite directions, what would 
be the value of the line integral? 


Solution (a) | B-dl= pi 


net 


[B4 393x107 _ 


0.3A 
Ho 4n x 107 


i 


net 
(b) In opposite direction, line integral will be negative. 


© Example 26.18 An infinitely long hollow conducting cylinder with inner 
radius R/2 and outer radius R carries a uniform current density along its 
length. The magnitude of the magnetic field, |B | as a function of the radial 


distance r from the axis is best represented by (JEE 2012) 
IBI 
B 
(a) IP (b) LX 
RI2 R r” RI2 R r 
B B 
o P N a P 
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Solution 


<> 


Fig. 26.55 


r= distance of a point from centre 


For r< R/2 Using Ampere's circuital law, 


PB. d= poi gc 


or Bl -o in) 
or B (2nr)=[o i) 
or p - Mo Tin. 
2t r 

Since, Tin =O 
ES B=0 

R RY 
For—zrzR Lin = w? —n(4) o 

2 2 


Here, o = current per unit area 


Substituting in Eq. (1), we have 


At r= x B=0 
2 
Ab = B=" 
8 

Forr2R li = Itota, = (say) 
Therefore, substituting in Eq. (1), we have 

B= Ho g 1 or Be 1 

2n r r 


The correct graph is (d). 


(i) 
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6 Example 26.19 A device called a toroid (figure) is often used to create an 
almost uniform magnetic field in some enclosed area. The device consists of a 
conducting wire wrapped around a ring (a torus) made of a non-conducting 
material. For a toroid having N closely spaced turns of wire, calculate the 
magnetic field in the region occupied by the torus, a distance r from the centre. 


Solution To calculate this field, we must evaluate >B-dl over the circle of radius r. By 


symmetry we see that the magnitude of the field 1s constant on this circle and tangent to it. 
So, $B-dl = Bl = B (2nr) 


Fig. 26.56 


Furthermore, the circular closed path surrounds N loops of wire, each of which carries a current 
i. Therefore, right side of Eq. (1) is u 9Ni in this case. 


PB. at =o gc 


or B(2nr)-2u Ni 
Ni 

Or B- Mon 
2nr 


: 1 : : i , ; 
This result shows that B œ — and hence is non-uniform in the region occupied by torus. However, 
F 


if r is very large compared with the cross-sectional radius of the torus, then the field is 
approximately uniform inside the torus. In that case, 


Fig. 26.5 
N . 
= =n= number of turns per unit length of torus 
TU 


B-ugni 
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For an ideal toroid, in which turns are closely spaced, the external magnetic field is zero. This is 
because the net current passing through any circular path lying outside the toroid is zero. 
Therefore, from Ampere's law we find that B = 0, in the regions exterior to the torus. 


INTRODUCTORY EXERCISE 


1. 


3. 


Figure given in the question is a cross-sectional view of a coaxial cable. The centre conductor is 
surrounded by a rubber layer, which is surrounded by an outer conductor, which is surrounded 
by another rubber layer. The current in the inner conductor is 1.0 A out of the page, and the 
current in the outer conductor is 3.0 A into the page. Determine the magnitude and direction of 
the magnetic field at points a and b. 


1mm1mmimm 
Fig. 26.58 


Figure shows, in cross-section, several conductors that carry currents through the plane of the 
figure. The currents have the magnitudes /, 2 4.0 A, /; 26.0 A, and /4 22.0 A in the directions 
shown. Four paths labelled a to d, are shown. What is the line integral | B. dlfor each path? 


Each integral involves going around the path in the counter-clockwise direction. 


Fig. 26.59 


A current / flows along the length of an infinitely long, straight, thin-walled pipe. Then, (JEE 1993) 
(a) the magnetic field at all points inside the pipe is the same, but not zero 

(b) the magnetic field at any point inside the pipe is zero 

(c) the magnetic field is zero only on the axis of the pipe 

(d) the magnetic field is different at different points inside the pipe 


Chapter 26 Magnetics * 371 


26.10 Force Between Parallel Current Carrying Wires 


Consider two long wires | and 2 kept parallel to each other at a distance r and carrying currents i, and 
i respectively in the same direction. 


Fig. 26.60 


Magnetic field on wire 2 due to current in wire 1 is, B = 2 «ds [in ® direction] 
Tor 


Magnetic force on a small element d/ of wire 2 due to this magnetic field is 
dF = i; (dl x B) 


Magnitude of this force is dF =i, [(dl) (B) sin 90° ] 
(dh) Ho å „Ho àb y 
2m r 2n F 


Direction of this force is along d1 x Bor towards the wire 1. 


The force per unit length of wire 2 due to wire | is 


dF Bodo 
| d m r | 


The same force acts on wire 1 due to wire 2. The wires attract each other if currents in the wires are 
flowing in the same direction and they repel each other if the currents are in opposite directions. 


© Example 26.20 Two long parallel wires are separated by a distance of 
2.50 cm. The force per unit length that each wire exerts on the other is 
4.00 x 10? N/m, and the wires repel each other. The current in one wire is 


0.600 A. 
(a) What is the current in the second wire? 
(b) Are the two currents in the same direction or in opposite directions? 


Solution (a) FL (s ) UL 
l 2n r 
(2x 1077 ) (0.6) i, 
" 2.5x 107 
iy =8.33A 


(b) Wires repel each other if currents are in opposite directions. 


4x10% 
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© Example 26.21 Consider three long straight parallel wires as shown in figure. 
Find the force experienced by a 25 cm length of wire C. 


3 cm 5 cm 
30A 10A 20A 
Fig. 26.61 
Solution Repulsion by wire D, [towards right] 
F- Ho hil 
2m r 
-7 
_ (2x10 _ 10) (0.25) 
3x 107 
-5x10^N 
Repulsion by wire G, [towards left] 
2x107)(20x10 
y, = QX107) 00x10) 995 
5x107 
=2x10* N 
Fret = Fy E F, 
=3x10% N [towards right] 


26.11 Magnetic Poles and Bar Magnets 


In electricity, the isolated charge q is the simplest structure that can exist. If two such charges of 
opposite sign are placed near each other, they form an electric dipole characterized by an electric 
dipole moment p. In magnetism isolated magnetic ‘poles’? which would correspond to isolated 
electric charges do not exist. The simplest magnetic structure is the magnetic dipole, characterized 
by a magnetic dipole moment M. A current loop, a bar magnet and a solenoid of finite length are 
examples of magnetic dipoles. 
When a magnetic dipole is placed in an external magnetic field B, a magnetic torque « acts on it, 
which is given by 

t=MxB 
Alternatively, we can measure B due to the dipole at a point along its axis a (large) distance r from its 
centre by the expression, 
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A bar magnet might be viewed as two poles (North and South) separated by some distance. However, 
all attempts to isolate these poles fail. If a magnet is broken, the fragments prove to be dipoles and not 
isolated poles. If we break up a magnet into the electrons and nuclei that make up its atoms, it will be 
found that even these elementary particles are magnetic dipoles. 


z 
à 
zZ 
i 
2 
s 


Fig. 26.62 Ifa bar magnet is broken, each fragment becomes a small dipole. 


Each current carrying loop is just like a magnetic dipole, whose magnetic dipole moment is given by 


Mz niA 


>- S NE 


Fig. 26.63 
Here, n is the number of turns in the loop, i is the current and A represents the area vector of the 
current loop. 
The behaviour of a current loop can be described by the following hypothetical model: 

(i) There are two magnetic charges; positive magnetic charge and negative magnetic charge. We 
call the positive magnetic charge a north pole and the negative magnetic charge as the south pole. 
Every pole has a pole strength m. The unit of pole strength is A-m. 

(ii) A magnetic charge placed in a magnetic field experiences a force, 
|F-mB 
The force on positive magnetic charge is along the field and a force on a negative magnetic charge 
is opposite to the field. 


(iii) A magnetic dipole is formed when a negative magnetic charge —m and a positive magnetic 
charge +m are placed at a small separation d. The magnetic dipole moment is 


The direction of M is from —m to +m. 


Geometrical Length and Magnetic Length 
In case of a bar magnet, the poles appear at points which are | &——— Geometrical length ——-| 
slightly inside the two ends. The distance between the locations of | s 
the assumed poles is called the magnetic length of the magnet. | ^ 
The distance between the ends is called the geometrical length. Magnetic length 


The magnetic length of a bar magnet is written as 2/. If m be the 
pole strength and 2/ the magnetic length of a bar magnet, then its Fig. 26.64 
magnetic moment is 


M -2ml 
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© Extra Points to Remember 

e Current carrying loop, solenoid etc. are just like magnetic dipoles, whose dipole moment M is equal to N/A. 
Direction of M is from south pole (S) to north pole (N). 

e The behaviour of a magnetic dipole (may be a bar magnet also) is similar to the behaviour of an electric 
dipole. 
The only difference is that the electric dipole moment p is replaced by magnetic dipole moment M and the 
constant is replaced by ps 

T 


ANE, 


e Table given below makes a comparison between an electric dipole and a magnetic dipole. 


Table 26.2 
Physical quality to be AT S 
S.No. compared Electric dipole Magnetic dipole 
1.  Dipole moment p=q (2) M=mé(l) 
2. Direction of dipole moment From negative charge to the From south to north pole 
positive charge 
3 Net force in uniform field 0 0 
4. Net torque in uniform field U PHE t=MxB 
5. Field at far away point on the 1 .2p (along p) Ho 2M (along M) 
axis Ane, r? Am qe 
6. Field at far away point on Ue DUOS STO Hon E DOSTO TOM 
perpendicular bisector 4n& r? (opp P) 4n p? (opp 
7. Potential energy U, = -p : E = - pE cos 0 U, = -M : B = - MB cos 0 


8. Work done in rotating the We, -o> = PE (cos ©; - cos 02) We, _», = MB (cos 0, - cos 67) 
dipole 


Note |n the above table, 0 is the angle between field (E or B) and dipole moment (p or M). 


e Example 26.22 Calculate the magnetic induction (or magnetic field) at a 
point 1 A away from a proton, measured along its axis of spin. The magnetic 
moment of the proton is 1.4 x 1079 A-m?. 


Solution On the axis of a magnetic dipole, magnetic induction is given by 
Ho. 2M 


Substituting the values, we get 
(1077 ) (2) (1.4x 1076) 
= (1079? 
-28x10? T 
=2.8 mT Ans. 


B 
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© Example 26.23 A bar magnet of magnetic moment 2.0 A-m? is free to rotate 


about a vertical axis through its centre. The magnet is released from rest from 
the east-west position. Find the kinetic energy of the magnet as it takes the 
north-south position. The horizontal component of the earth’s magnetic field is 
B=25uT. Earth’s magnetic field is from south to north. 

Solution Gain in kinetic energy = loss in potential energy 

Thus, 

As, U=-— MB cos 0 


KE =- MB cos (2) — (-MB cos 0? ) 


= MB 
Substituting the values, we have 
KE- (2.0)(25x10 )J 
= 50 uJ Ans. 


26.12 Earth's Magnetism 


Our earth behaves as it has a powerful magnet within it. The value of magnetic field on the surface of 
earth is a few tenths ofa gauss (1G 210 * T). The earth’s south magnetic pole is located near the north 
geographic pole and the earth's north magnetic pole is located near the south geographic pole. In fact, 
the configuration of the earth's magnetic field is very much like the one that would be achieved by 
burying a gigantic bar magnet deep in the interior of the earth. 


Axis of rotation 
md of the earth 


Geographical 

North pole 
Magnetic 
South pole 


Magnetic North 


equator 


(b) 


Geographical 
South pole 


É. i 
Magnetic) PS 
North pole f 


(a) 
Fig. 26.65 


The axis of earth's magnet makes an angle of 11.5? with the earth's rotational axis. 
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Theories Regarding the Origin of Earth's Magnetism 


First Theory : Gilbert for the first time in 1600, gave the idea that there is a powerful magnet within 
the earth at its centre. Later on this theory was denied because the temperature in the interior of the 
earth is so high that it is impossible to retain its magnetism. 

Second Theory : The second theory was put forward by Grover in 1849. He put the view that the 
earth magnetism is due to electric currents flowing near the outer surface of the earth. Hot air, rising 
from the region near equator, goes towards north and south hemispheres and become electrified. 
These currents magnetise the ferromagnetic material near the outer surface of the earth. 

Third Theory : There are many conducting materials including iron and nickel in the molten state 
within the central core of the earth. Conventional currents are generated in this semifluid core due to 
earth's rotation about its axis. Due to these currents, magnetism is generated within the earth. 


Till date not a single theory can explain all events regarding earth's magnetism. 


Elements of Earth's Magnetism 
There are three elements of earth's magnetism. 

(i) Angle of Declination (œ) At any point (say P) on earth's surface the longitude determines the 
north-south direction. The vertical plane in the direction of longitude or the vertical plane 
passing through the line joining the geographical north and south poles is called the 
*geographical meridian'. At point P, there also exists the magnetic field B. A vertical plane in 
the direction of B is called ‘magnetic meridian’. 

At any place the acute angle between the magnetic meridian and the geographical meridian is 
called ‘angle of declination ‘a’. 

(ii) Angle of Dip (0) ‘The angle of dip (0) at a place is the angle between the direction of earth’s 
magnetic field and the horizontal at that place.’ 
Angle of dip at some place can be measured from a magnetic needle free to rotate in a vertical 
plane about a horizontal axis passing through centre of gravity of the needle. At earth’s magnetic 
poles the magnetic field of earth is vertical, 1.e. angle of dip is 90°, the freely suspended magnetic 
needle is vertical there. At magnetic equator field is horizontal, or angle of dip is 0°. The needle 
is horizontal. In northern hemisphere, the north pole of the magnetic needle inclines downwards, 
whereas in the southern hemisphere the south pole of the needle inclines downwards. 

(iii) Horizontal Component of Earth's Magnetic Field Let B, be the net magnetic field at some 
point. H and V be the horizontal and vertical components of B,. Let is the angle of dip at the 


same place, then we can see that 


Geographical 
North 


Magnetic 
North 


Geographical 
meridian 
Magnetic 
meridian 


Fig. 26.66 
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H =B, cos0 EGD) 
and V =B, sin ...(ii) 
Squaring and adding Eqs. (1) and (ii), we get 


B, =H? «y? 


Further, dividing Eq. (ii) by Eq. (i), we get 


0-tan^! (Z) 
H 


By knowing H and 0 at some place we can find B, and V at that place. 


Neutral Points 


When a magnet is placed at some point on earth's surface, there are points where horizontal 
component of earth's magnetic field is just equal and opposite to the field due to the magnet. Such 
points are called neutral points. If a magnetic compass is placed at a neutral point, no force acts on it 
and it may set in any direction. 
Suppose a small bar magnet is placed such that north pole ofthe magnet is towards the magnetic south 
pole of the earth then neutral points are obtained both sides on the axis of the magnet. If distance of 
each neutral point from the middle point of a magnet be r, and the magnitude of the magnetic moment 
of the magnet be M, then 

Uo 2M — 

4n p) 
When north pole of bar magnet is towards the magnetic north pole of the earth, the neutral points are 
obtained on perpendicular bisectors of the magnet. Let r be the distance of neutral points from centre, 
then 


© Example 26.24 In the magnetic meridian of a certain place, the horizontal 
component of earth's magnetic field is 0.26 G and the dip angle is 60?. Find 
(a) vertical component of earth’s magnetic field. 
(b) the net magnetic field at this place. 


Solution Given, H=0.26G and 60-260? 


y 
a) tan 0 = — 
(a) 7 
V =H tan 0 = (0.26) tan 60? 
-045G Ans. 
(b) H=B, cos0 
B= H _ 026 


=0.52G Ans. 
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© Example 26.25 A magnetic needle suspended in a vertical plane at 30° from 
the magnetic meridian makes an angle of 45° with the horizontal. Find the true 
angle of dip. 
Solution Ina vertical plane at 30? from the magnetic meridian, the horizontal component is 


H’ =H cos 30? 
H 
307 2 
TN 


Magnetic meridian 


Fig. 26.67 
While vertical component is still V. Therefore, apparent dip will be given by 
tan 0' = P e E 
H’ Hcos30? 
But, " - tan 0 (where, 0 = true angle of dip) 
ang = tan 0 
cos 30? 


0 — tan! [tan 0' cos 30° ] 
= tan! [(tan 45? ) (cos 309] 
= 4l° Ans. 


26.13 Vibration Magnetometer 
Vibration magnetometer is an instrument which is used for the 
following two purposes: 
(i) To find magnetic moment of a bar magnet. Glass tube 


Torsion head 


(ii) To compare magnetic fields of two magnets. à; c 


The construction of a vibration magnetometer is as shown in 
figure.The magnet shown in figure is free to rotate in a horizontal 
plane. The magnet stays parallel to the horizontal component of 
earth's magnetic field. If the magnet is now displaced through an 
angle 0, a restoring torque of magnitude MH sin 0 acts on it and the 
magnet starts oscillating. From the theory of simple harmonic Magnetic 


motion, we can find the time period of oscillations of the magnet. ds 26.68 


Plane 
mirror 


Restoring torque in displaced position is 
t=- MH sin 0 ...(1) 
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Here, M = Magnetic moment of the magnet 
and H =Horizontal component of earth’s magnetic field. 


Negative sign shows the restoring nature of torque. Now since, t = /o and sin 0 = 0 for small angular 
displacement. 


Thus, Eq. (1) can be written as 
la =- MH8 
Since, & is proportional to —0. Therefore, motion is simple harmonic in nature, time period of which 


will be given by 
-2n yen 
MH 
I 


re f$] 
oO 
T=2n J | ...(I1) 


In the expression of 7, / is the moment of inertia of the magnet about its axis of vibration. 


(i) Measurement of Magnetic Moment : By finding time period 7 of vibrations of the given 
magnet, we can calculate magnetic moment M by the relation, 
| An zi 
T^H 
(ii) Comparison of Two Magnetic Fields : Suppose we wish to compare the magnetic fields B, 
and B, at some point P due to two magnets. For this, vibration magnetometer is so placed that the 
centre of its magnet lies on P. Now, one of the given magnets is placed at some known distance 
from P in the magnetic meridian, such that point P lies on its axial line and its north pole points 
north. In this position, the field B, at P produced by the magnet will be in the direction of H. 
Hence, the magnet suspended in the magnetometer will vibrate in the resultant magnetic field 
(H +B, ). Its period of vibration is noted, say it is 7j, then 


I 
T, =27 | 
M (H +B,) 


Now, the first magnet is replaced by the second magnet and the second magnet is placed in the 
same position and again the time period is noted. If the field produced at P due to this magnet be 
B, and the new time period be 75, then 


I 
M(H +B,) 


Finally, the time period of the magnetometer under the influence of the earth’s magnetic field 


alone is determined. Let it be 7, then 
| I 
T =27 .|[—— 
MH 


Solving above three equations for T, T, and 75, we can show that 
| B C -TT 


| B, (T? -T2)T? 


380 


Electricity and Magnetism 


© Example 26.26 A short bar magnet is placed with its north pole pointing 


north. The neutral point is 10 cm away from the centre of the magnet. If 

H -0.4 G, calculate the magnetic moment of the magnet. 

Solution When north pole of the magnet points towards magnetic north, null point is obtained 
on perpendicular bisector of the magnet. Simultaneously, magnetic field due to the bar magnet 
should be equal to the horizontal component of earth's magnetic field H. 


Thus uus. M r ML 
l 4n p) (U o/47) 

Substituting the values, we have 
y- 04x 10%) (10x10)? 


; = 0.4 A-m Ans. 
107 


Example 26.27 A magnetic needle performs 20 oscillations per minute in a 
horizontal plane. If the angle of dip be 30?, then how many oscillations per 
minute will this needle perform in vertical north-south plane and in vertical 
east-west plane? 


Solution In horizontal plane, the magnetic needle oscillates in horizontal component H. 


T -2n rz 
\ MH 


In the vertical north-south plane (magnetic meridian), the needle oscillates in the total earth’s 
magnetic field B,, and in vertical east-west plane (plane perpendicular to the magnetic meridian) 
it oscillates only in earth’s vertical component V. If its time period be 7, and 75, then 


T, =2n E and T, =2n Ee 
MB, MV 
From above equations, we can find 
T H n? B, 
I or — RES M— 
T? B, n? H 
2 
Similarly, mE 
n? H 
B 
Further, *. = sec 0 = sec 30° : 
H 
and a ee 30° = 
H i 
B 2 
2 2 [Pe 2 
n; —(n = (20 
d G VM EJ 
Or n, — 21.50scillations/min Ans. 
V 2f 1 
and n2 — (ny. ]- (20) ) 
2 H B 


ny = 15.2 oscillations/min Ans. 


Chapter 26 Magnetics * 381 


26.14 Magnetic Induction and Magnetic Materials 


We know that the electric lines of force change when a dielectric is placed between the parallel plates 
of a capacitor. Experiments show that magnetic lines also get modified due to the presence of certain 
materials in the magnetic field. 

Few substances such as O,, air, platinum, aluminium etc., show a very small increase in the magnetic 
flux passing through them, when placed in a magnetic field. Such substances are called 
paramagnetic substances. Few other substances such as H5, H,O, Cu, Zn, Sb etc. show a very small 
decrease in flux and are said to be diamagnetic. There are other substances like Fe, Co etc. through 
which the flux increases to a larger value and are known as ferromagnetic substances. 


Magnetisation of Matter 


A material body is consisting of large number of atoms and thus large number of electrons. Each 
electron produces orbital and spin magnetic moments and can be assumed as magnetic dipoles. In the 
absence of any external magnetic field, the dipoles of individual atoms are randomly oriented and the 
magnetic moments thus, cancel. 
When we apply an external magnetic field to a substance, two processes may occur. 

(i) All atoms which have non-zero magnetic moment are aligned along the magnetic field. 


(ii) Ifthe atom has a zero magnetic moment, the applied magnetic field distorts the electron orbit and 
thus, induces magnetic moment in opposite directions. 


In diatomic substances, the individual atoms do not have a magnetic moment by its own. When an 
external field is applied, the second process occurs. The induced magnetic moment is thus set up in 
the direction opposite to B. In this case, the magnetic flux density in the interior of the body will be 
less than that of the external field B. 


In paramagnetic substances, the constituent atoms have intrinsic magnetic moments. When an 
external magnetic field is applied, both of the above processes occur and the resultant magnetic 
moment is always in the direction of magnetic field Bas the first effect predominates over the second. 


26.15 Some Important Terms Used in Magnetism 
Magnetic Induction ( B) 


When a piece of any substance is placed in an 
external magnetic field, the substance becomes 
magnetised. If an iron bar is placed in a uniform 
magnetic field, the magnetised bar produces its 
own magnetic field in the same direction as those 
of the original field inside the bar, but in opposite 
direction outside the bar. This results in a 
concentration of the lines of force within the bar. 
The magnetic flux density within the bar is 
increased whereas it becomes weak at certain 
places outside the bar. 


Fig. 26.69 


“The number of magnetic lines of induction inside a magnetic substance crossing unit area normal to 
their direction is called the magnitude of magnetic induction, or magnetic flux density inside the 
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substance. Itis denoted by B. The SI unit of Bis tesla (T) or weber/metre z (Wb/m =), The CGS unit is 
gauss (G). 


|1Wb/m? -1T-10*G 


Intensity of Magnetisation ( / ) 
“Intensity of magnetisation (7) is defined as the magnetic moment per unit volume of the magnetised 
substance." This basically represents the extent to which the substance is magnetised. Thus, 


[=— 
L F| 


The SI unit of / 1s ampere/metre (A/m). 


Magnetic Intensity or Magnetic Field Strength (H) 
When a substance is placed in an external magnetic field, the actual magnetic field inside the 
substance is the sum of the external field and the field due to its magnetisation. 
The capability of the magnetising field to magnetise the substance is expressed by means of a vector 
H, called the *magnetic intensity" of the field. It is defined through the vector relation, 


B 
H=—-I 


Ho 
The SI unit of H is same as that of I, i.e. ampere/metre (A/m). The CGS unit is oersted. 


Magnetic Permeability (u) 


“It is defined as the ratio of the magnetic induction B inside the magnetised substance to the magnetic 
intensity H of the magnetising field, i.e. 


EJ 

u Ho 

It is basically a measure of conduction of magnetic lines of force through it. The SI unit of magnetic 
permeability is weber/ampere-metre (Wb/A-m). 


Relative Magnetic Permeability (u, ) 


It is the ratio of the magnetic permeability u of the substance to the permeability of free space. 


u 
Thus, u, =— 
Ho 
u, is a pure ratio, hence, dimensionless. For vacuum its value is 1. 


u, can also be defined as the ratio of the magnetic field B in the substance when placed in magnetic 
field Bo. Thus, 


u, = B, 
For paramagnetic substance, u, >1, 


For diamagnetic substance, u, « 1and 
For ferromagnetic substance, u „ » 7 1. 
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Magnetic Susceptibility (% „) 


We know that both diamagnetic and paramagnetic substances develop a magnetic moment depending 
on the applied field. Magnetic susceptibility is a measure of how easily a substance is magnetised in a 
magnetising field. For paramagnetic and diamagnetic substances, I, H and x ,, are related by the 


equation, 
I-X4,,H 
m 
or Xm = FF 


Thus, the magnetic susceptibility X „ may be defined as the ratio of the intensity of magnetisation to 
the magnetic intensity of the magnetising field. 
Since, / and H have the same units, x „ is unitless. It is a pure number. 
By doing simple calculation, we can prove that u ,„ and x „ are related by 

h.m X, 
For paramagnetic substances x, is slightly positive. For diamagnetic substances, it is slightly 
negative and for ferromagnetic substances, X „ is positive and very large. 


26.16 Properties of Magnetic Materials 


As discussed earlier, all substances (whether solid, liquid or gaseous) may be classified into three 
categories in terms of their magnetic properties. (i) paramagnetic, (ii) diamagnetic and 
(iii) ferromagnetic. 


Paramagnetic Substances 


Examples of such substances are platinum, aluminium, chromium, manganese, CuSO, solution etc. 
They have the following properties: 

(i) The substances when placed in a magnetic field, acquire a feeble magnetisation in the same sense 
as the applied field. Thus, the magnetic inductance inside the substance is slightly greater than 
outside to it. 

(ii) In a uniform magnetic field, these substances rotate until their longest axes are parallel to the 
field. 


(iii) These substances are attracted towards regions of stronger magnetic field when placed in a 
non-uniform magnetic field. 


Fig. 26.70 


Figure shows a strong electromagnet in which one of the pole pieces is sharply pointed while the 
other is flat. Magnetic field is much stronger near the pointed pole than near the flat pole. If a 
small piece of paramagnetic material is suspended in this region, a force can be observed in the 
direction of arrow. 
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(iv) If a paramagnetic liquid is filled in a narrow U-tube and one limb is placed in between the pole 
pieces of an electromagnet such that the level of the liquid is in line with the field, then the liquid 
will rise in the limb as the field is switched on. 


DIG 


Fig. 26.71 


(v) For paramagnetic substances, the relative permeability u „ is slightly greater than one. 

(vi) At a given temperature the magnetic susceptibility X ,, does not change with the magnetising 
field. However, it varies inversely as the absolute temperature. As temperature increases, X ,, 
decreases. At some higher temperature, x ,, becomes negative and the substance becomes 
diamagnetic. 


Diamagnetic Substances 
Examples of such substances are bismuth, antimony, gold, quartz, water, alcohol etc. They have the 
following properties: 

(i) These substances when placed in a magnetic field, acquire 
feeble magnetisation in a direction opposite to that of the 
applied field. Thus, the lines of induction inside the 
substance is smaller than that outside to it. 

(ii) Ina uniform field, these substances rotate until their longest 
axes are normal to the field. 

- l Fig. 26.72 

(iii) In a non-uniform field, these substances move from 
stronger to weaker parts of the field. 

(iv) If a diamagnetic liquid is filled in a narrow U-tube and one limb is placed in between the pole of 
an electromagnet, the level of liquid depresses when the field is switched on. 

(v) The relative permeability u „ is slightly less than 1. 

(vi) The susceptibility x „ of such substances is always negative. It is constant and does not vary with 
field or the temperature. 


Ferromagnetic Substances 


Examples of such substances are iron, nickel, steel, cobalt and their alloys. These substances 
resemble to a higher degree with paramagnetic substances as regard their behaviour. They have the 
following additional properties: 


(i) These substances are strongly magnetised by even a weak magnetic field. 
(ii) The relative permeability is very large and is of the order of hundreds and thousands. 
(iii) The susceptibility is positive and very large. 
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(iv) Susceptibility remains constant for very small values of H, increases for larger values of H and 


then decreases for very large values of H. 


(v) Susceptibility decreases steadily with the rise of temperature. Above a certain temperature 


known as Curie Temperature, the ferromagnetic substances become paramagnetic. It is 
1000°C for iron, 770°C for steel, 360°C for nickel and 1150°C for cobalt. 


26.17 Explanation of Paramagnetism, Diamagnetism 


and Ferromagnetism 


There are three properties of atoms that give rise to magnetic dipole moment. 


1. 


The electrons moving around the nucleus in the orbits act as small current loops and contribute 
magnetic moments. 
The spinning electron has an intrinsic magnetic dipole moment. 
The nucleus contribute to magnetic moment due to the motion of charge within the nucleus. The 
magnitude of nuclear moments is about 10? times that of electronic moments or the spin 
magnetic moments, as the later two are of the same order. Still most of the magnetic moment of an 
atom is produced by electron spin, the net contribution of the orbital revolution is very small. This 
is because most of the electrons pair offin such a way that they produce equal and opposite orbital 
magnetic moment and they cancel out. Although, the electrons also try to pair up with their 
opposite spins but in case of spin motion of an electron it is not always possible to form equal and 
opposite pairs. 
Tiny bar magnets 
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Paramagnetism 


The property of paramagnetism is found in those substances whose atoms or 
molecules have an excess of electrons spinning in the same direction. 


Hence, atoms of paramagnetic substances have a permanent magnetic 


— 
=> 
A> 


AE: 
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moment and behave like tiny bar magnets. In the absence of external 
magnetic field, the atomic magnets are randomly oriented and net magnetic Fig. 26.74 
moment is thus, zero. 


When paramagnetic substance is placed in an external magnetic field, then each atomic magnet 
experiences a torque which tends to turn the magnet in the direction of the field. The atomic magnets 
are thus, aligned in the direction ofthe field. Thus, the whole substance is magnetised in the direction 
of the external magnetic field. 


As the temperature of substance is increased, the thermal agitation disturbs the magnetic alignment of 
the atoms. Thus, we can say that paramagnetism is temperature dependent. 
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Curie’s law 


According to Curie's law, magnetic susceptibility of a paramagnetic substance is inversely 
proportional to absolute temperature T. 
= 
Xm 9 T 


The exact law is beyond the scope of our course. 


Diamagnetism 


The property of diamagnetism is generally found in those substances whose atoms (or molecules) 
have even number of electrons which form pairs. “The net magnetic moment of an atom of a 
diamagnetic substance is thus zero.” When a diamagnetic substance is placed in an external magnetic 
field, the spin motion of electrons is so modified that the electrons which produce the magnetic 
moments in the direction of external field slow down while the electrons which produce magnetic 
moments in opposite direction get accelerated. Thus, a net magnetic moment is induced in the 
opposite directions of applied magnetic field. Hence, the substance is magnetised opposite to the 
external field. 


Note That diamagnetism is temperature independent. 


Ferromagnetism 


Iron like elements and their alloys are known as ferromagnetic substances. The susceptibility of these 
substances is in several thousands. Like paramagnetic substances, atoms of ferromagnetic substances 
have a permanent magnetic moment and behave like tiny magnets. But in ferromagnetic substances 
the atoms form innumerable small effective regions called ‘domains’. 


Unmagnetised 
Fig. 26.75 


The size of the domain vary from about 10 *cm? to 10 ?cm?. Each domain has 10!" to 107! atoms 
whose magnetic moments are aligned in the same direction. In an unmagnetised ferromagnetic 
specimen, the domains are oriented randomly, so that their resultant magnetic moment is zero. 
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Fig. 26.76 
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When the specimen is placed in a magnetic field, the resultant magnetisation may increase in two 
different ways. 


(a) The domains which are oriented favourably with respect to the field increase in size. Whereas 
those oriented opposite to the external field are reduced. 


(b) The domains rotate towards the field direction. 


Note That if the external field is weak, specimen gets magnetised by the first method and if the field is strong 
they get magnetised by the second method. 


Hysteresis : Retentivity and Coercivity 
The distinguishing characteristics of a ferromagnetic material is not that it can be strongly magnetised 
but that the intensity of magnetisation I is not directly proportional to the magnetising field H. If a 
gradually increasing magnetic field H is applied to an unmagnetised piece of iron, its magnetisation 
increases non-linearly until it reaches a maximum. 


Reto ivii 


D Pen 
Coercivity 
Fig. 26.77 


IfI is plotted against H, a curve like OA is obtained. This curve is known as magnetisation curve. At 
this stage all the dipoles are aligned and I has reached to a maximum or saturated value. If the 
magnetic field H is now decreased, the I does not return along magnetisation curve but follows path 
AB. At H=0, I does not come to its zero value but its value is still near the saturated value. The value 
of I at this point (i.e. OB) is known as remanence, remanent magnetisation or retentivity. The 
value ofIat this point is known as residual induction. On applying a reverse field the value ofI finally 
becomes zero. The abscissa OC represents the reversed magnetic field needed to demagnetise the 
specimen. This is known as coercivity of the material. 


If the reverse field is further increased, a reverse magnetisation is set up which quickly reaches the 
saturation value. This is shown as CD. If H is now taken back from its negative saturation value to its 
original positive saturation value, a similar curve DEFA will be traced. The whole graph ABCDEFA 
thus, forms a closed loop, usually known as hysteresis loop. The whole process described above and 
the property of the iron characterized by it are called hysteresis. The energy lost per unit volume ofa 
substance in a complete cycle is equal to the area. Thus, we can conclude the following three points 
from the above discussion: 
(i) The retentivity of a substance is a measure of the magnetisation remaining in the substance when 
the magnetising field is removed. 
(ii) The coercivity ofa substance is a measure ofthe reverse magnetising field required to destroy the 
residual magnetism of the substance. 
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(iii) The energy loss per unit volume of a substance in a complete cycle of magnetisation is equal to 
the area of the hysteresis loop. 


Demagnetisation 


It is clear from the hysteresis loop that the intensity of magnetisationI does 
not reduce to zero on removing the magnetising field H. Further, I is zero 
when the magnetising field H is equal to the coercive field. 


At these points the magnetic induction is not zero, and the specimen is not 
demagnetised. To demagnetise a substance, it is subjected to several —-H 
cycles is magnetisation, each time with decreasing magnetising field and 
finally the field is reduced to zero. In this way, the size of the hysteresis 
curve goes on decreasing and the area finally reduces to zero. 


Demagnetisation is obtained by placing the specimen in an alternating Fig. 26.78 
field of continuously diminishing amplitude. It is also obtained by heating. 
Ferromagnetic materials become practically non-magnetic at sufficiently high temperatures. 


Magnetic Properties of Soft Iron and Steel 


A comparison of the magnetic properties of ferromagnetic substances can be made by the comparison 
of the shapes and sizes of their hysteresis loops. 
Following three conclusions can be drawn from their hysteresis loops: 
(i) Retentivity of soft iron is more than the retentivity of steel. 
(ii) Coercivity of soft iron is less than the coercivity of steel. 
(iii) Area of hysteresis loop (i.e. hysteresis loss) in soft iron is smaller than that in steel. 


Choice of Magnetic Materials 
The choice of a magnetic material for different uses is decided from the hysteresis curve of a 
specimen of the material. 
(i) Permanent Magnets The materials for a permanent magnet should have 
(a) high retentivity (so that the magnet is strong) and 
(b) high coercivity (so that the magnetising is not wiped out by stray magnetic fields). As the 
material in this case is never put to cyclic changes of magnetisation, hence, hysteresis is 
immaterial. From the point of view of these facts steel is more suitable for the construction of 
permanent magnets than soft iron. 


Modern permanent magnets are made of ‘cobalt-steel’, alloys ‘ticonal’. 

(ii) Electromagnets The materials for the construction of electromagnets should have 
(a) high initial permeability 
(b) low hysteresis loss 
From the view point of these facts, soft iron is an ideal material for this purpose. 

(iii) Transformer Cores and Telephone Diaphragms As the magnetic material used in these 
cases is subjected to cyclic changes. Thus, the essential requirements for the selection of the 
material are 
(a) high initial permeability 
(b) low hysteresis loss to prevent the breakdown 
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Electromagnet 


As we know that a current carrying solenoid behaves like a bar magnet. If we place a soft iron rod in 
the solenoid, the magnetism of the solenoid increases hundreds of times and the solenoid is called an 
‘electromagnet’. It is a temporary magnet. 


Fig. 26.79 


An electromagnet is made by winding closely a number of turns of insulated copper wire over a 
soft iron straight rod or a horse shoe rod. On passing current through this solenoid, a magnetic 
field is produced in the space within the solenoid. 


Applications of Electromagnets 
(i) Electromagnets are used in electric bell, transformer, telephone diaphragms etc. 


(ii) In medical field, they are used in extracting bullets from the human body. 
(iii) Large electromagnets are used in cranes for lifting and transferring big machines and parts. 


26.18 Moving Coil Galvanometer 
The moving coil galvanometer is a device used to measure an electric current. 
Principle 


Action of a moving coil galvanometer is based upon the principle that when a current carrying coil is 
placed in a magnetic field, it experiences a torque whose magnitude depends on the magnitude of 
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Construction 
The main parts of a moving coil galvanometer are shown in figure. The galvanometer consists of a 
coil, with many turns free to rotate about a fixed vertical axis in a uniform radial magnetic field. There 
is a cylindrical soft iron core, which not only makes the field radial but also increases the strength of 
magnetic field. 


Theory 


The current to be measured is passed through the galvanometer. As the coil is in the magnetic field (of 
constant magnitude) it experiences a torque given by 


t= MBsin0O 
= (NiA) B sinO w(i) 
As shown in the figure, the pole pieces are made cylindrical, the magnetic field pl 
always remains parallel to the plane of the coil. Or angle between B and M always 
remains 90°. Therefore, Eq. (i) can be written as 
t= NAB (as sin0 = sin 90° =1) 
Here, N = total number of turns of the coil uu 
i = current passing through the coil Fig. 26.81 
A = area of cross-section of the coil and 
B = magnitude of radial magnetic field. 


This torque rotates the coil. The spring S shown in figure provides a counter torque kọ that balances 
the above torque NiAB. In equilibrium, 


kọ = NiAB ...(ii) 
Here, k is the torsional constant of the spring. With rotation of coil a small light mirror M (attached 


with phosphor bronze wire W ) also rotates and equilibrium deflection can be measured by a lamp 
and scale arrangement. 


The above Eq. (ii) can be written as ——— 
k 


Hence, the current i is proportional to the deflection $ . 


Galvanometer Constant 


k 
The constant NAB in Eq. (iii) is called galvanometer constant. 


Hence, 


k 
Galvanometer constant = ——— (iv) 
NAB 


This constant may be found by passing a known current through the coil. Measuring the deflection $ 
and putting these values in Eq. (111), we can find galvanometer constant. 
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Sensitivity of Galvanometer 


Deflection per unit current (0/7) is called sensitivity of galvanometer. From Eq. (iii), we can see 
that /i = NAB/k. Hence, 


[AB 
Sensitivity = ? - = (V) 
i 


The sensitivity of a galvanometer can be increased by 
(i) increasing the number of turns in the coil N or 
(ii) increasing the magnitude of magnetic field. 


© Example 26.28 A rectangular coil of area 5.0 x 10 * m? and 60 turns is 


pivoted about one of its vertical sides. The coil is in a radial horizontal 
magnetic field of 9 x 10? T. What is the torsional constant of the spring 
connected to the coil if a current of 0.20 mA produces an angular deflection of 
18?? 
Solution From the equation, 

. k 

l = — 

(sss) ? 
We find that torsional constant of the spring is given by 
_ NABi 
o 


k 


Substituting the values in SI units, we have 
(60)(5.0 x 107* (9x 10? )(0.2 x 10? ) 
~ 18 
=3x 10? N-m/degree Ans. 


k 


INTRODUCTORY EXERCISE 26.7 


1. A coil of a moving coil galvanometer twists through 90? when a current of one microampere is 
passed through it. If the area of the coil is 107^ m? and it has 100 turns, calculate the magnetic 
field of the magnet of the galvanometer. Given, k - 1078 N -m /degree. 

2. A galvanometer coil 5 cm x 2 cm with 200 turns is suspended vertically in a field of 5 x 307 T. 
The suspension fibre needs a torque of 0.125 x 107 N-m to twist it through one radian. 
Calculate the strength of the current required to be maintained in the coil if we require a 
deflection of 6°. 
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Final Touch Points 


1. 


Sometimes, a non-conducting charged body is rotated with some angular speed. In this case, the 
ratio of magnetic moment and angular momentum is constant which is equal to q/2m, where q is the 
charge and m the mass of the body. 


e.g. In case of a ring of mass m, radius R and charge q distributed on its circumference. 
Angular momentum, L = lo - (mR?) (o) a(i) 
Magnetic moment, M = iA =(qf)(nR°) 


Here, f = frequency = D 
Qn 


H o o, . oR? 
M (2) j= (i 
From Eqs. (i) and (ii), we get 
Mq 
L 2m 


Although this expression is derived for simple case of a ring, it holds good for other bodies also. For 
example, for a disc or a sphere. 


. Determination of e/m of an Electron (Thomson Method) JJ Thomson in 1897, devised an 


experiment for the determination of e/m (specific charge) of the electron by using electric and 
magnetic fields in mutually perpendicular directions. 


The discharge is maintained by the application of high PD between the cathode C and anode A of a 
discharge tube containing air at a very low pressure (~ 10? mm of Hg). The electrons so produced 
are allowed to pass through slits A, and A, also kept at the potential of A. The beam then passes along 
the axis of the tube and produces a spot of light at O on the fluorescent screen S. The electric field E is 
applied between two horizontal plates P and Q. The magnetic field B is applied in the direction 
perpendicular to the paper plane by passing the current through coils, in the region within the dotted 
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circle. It is clear from Fleming's left hand rule, that F due to E is in upward direction, while due to B in 
downward direction. 

Hence, fields E and B can be adjusted so that the electrons suffer no deflection and strike at point O 
on the screen. In this case, 

or eE =evB or v=E/B EX 
Now, electric field is switched off, the electrons thus, describe the circular arc and fall at O' on the 
screen. In this case, the force F = Bev bends the electron beam in a circular arc, such that it is 
balanced by the centripetal force mv?/R. 


5 Bev =mv°/R 
or v = BRe/m ...(ii) 
Combining Eqs. (i) and (ii), we get 

elm = EIRB? ...(iii) 


As E and B are known. To find R, consider arc EF of the circular path in the magnetic field region. 
From the geometry, we get 


OO'/GO = EFIR 
or R = EF x GO/OO’ ...(iv) 
Practically, EFis replaced by the width of the magnetic flux region and Gis taken at the middle of the 


region. Thomson's value for e/m was 1.7 x10"! C/kg, which is in excellent agreement with the modern 
value of 175890 x 10'' C/kg. 


. Cyclotron In 1932, Lawrence developed a machine named cyclotron, for the acceleration of 
charged particles, such as protons or deuterons. These particles (ions) are caused to move in 
circular orbits by magnetic field and are accelerated by the electric field. 

In its simplest form, it consists of two flat semicircular metal boxes, called dees because of their 
shape. These hollow chambers have their diametric edges parallel and slightly separated from each 
other. An alternating potential (with frequency of the order of megacycles per second) is applied 
between the dees. The dees are placed between the poles of a strong electromagnet which provides 
a magnetic field perpendicular to the plane of the dees. 


Magnet S 


Suppose that at any particular instant the alternating potential is in the direction which makes D, 
positive and D, negative. A positive ion of mass m, charge q starting from the source S (of positive 
ion) will be attracted by the dee D». Let its velocity while entering in dee D» is v. Due to magnetic field 
B, it will move in a circular path of radius r inside the dee D», where 


Or Vz—— 
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In the interior of the dee, the speed of the ion remains constant. After it has traversed half a cycle, the 
ion comes to the edge of Ds. If in the meantime, the potential difference between D, and D, has 
changed direction so that D, is now positive and D, negative, the positive ion will receive an additional 
acceleration, while going across the gap between the dees and speed of ion will increase. Then, it 
travels in a circular path of larger radius inside D, under the influence of magnetic field (because 
r œ v). After traversing a half cycle in D,, it will reach the edge of D, and receive an additional 
acceleration between the gaps because in the meantime the direction of potential difference 
between the dees has changed. The ion will continue travelling in a semicircle of increasing radii, the 
direction of potential difference changes every time the ion goes from D, to D; and from D, to D,. The 
time taken by the charged particle to traverse the semicircular path in the dee is given by 


festi i) 


This relation indicates that time tis independent of the velocity of the particle and of the radius. For 
any given value of m/q, it is determined by the magnetic field intensity. By adjusting the magnetic 
field intensity the time can be made the same as that required to change the potentials. On the other 
hand, the oscillator frequency (of alternating potential) can also be adjusted to the nature of a given 
ion and to the strength of the magnetic field. The frequency of the oscillations required to keep the ion 
in phase is given by the relation 


a_i 1 5q 
T 2t 2num 


...(ii) 


If the oscillation frequency is adjusted to keep the charged ion always in phase, each time the ion 
crosses the gap it receives an additional energy and at the same time it describes a flat spiral of 
increasing radius. Eventually, the ion reaches the periphery of the dee, where it can be brought out of 
the chamber by means of a deflecting plate charged to a high negative potential. This attractive force 
draws the ion out of its spiral path and thus can be used easily. If Ris the radius of the dee, kinetic 
energy of the ion emerging from the cyclotron is thus given by 
1-3. 2 
K =—mv* =—m(BgR/m 
5 5 (BqR/m) 
K =B?R?q?/2m ..(iii) 
This relation indicates that the maximum energy attained by the ion is limited by the radius H, 
magnetic field B or the frequency of the alternating potential f. It is independent of the alternating 
voltage. It can be explained by the fact that when the voltage is low, the ion makes a large number of 
turns before reaching the periphery, but when the voltage is high the number of turns is small. The 
total energy remains same in both the cases provided B and R are unchanged. 


Note The cyclotron is used to bombard nuclei with energetic particles and study the resulting nuclear 


reactions. It is also used in hospitals to produce radioactive substances which can be used in diagnosis 
and treatment. 

Cyclotron is suitable only for accelerating heavy particles like proton, deuteron, o.-particle etc. Electrons 
cannot be accelerated by the cyclotron because the mass of the electron is small and a small increase in 
energy of the electron makes the electrons move with a very high speed. 

The uncharged particles (e.g., neutrons) cannot be accelerated by cyclotron. 


solved Examples 


TYPED PROBLEMS 


Type 1. Based on deviation of charged particle in uniform magnetic field when © = 90° or path is 
uniform circular 


Concept 


Suppose a charged particle (q, m) enters a uniform magnetic field B at right angles with 
speed v as shown in figure. The magnetic field extends upto a length x. The path of the 
particle is a circle of radius r, where 


mu 


E 


x x x 
Xx 


The speed of the particle in magnetic field does not change. But, it gets deviated in the 
magnetic field. The deviation 0 can be found in two ways 


(i) After time f, deviation will be 


m 


(ii) In terms of the length of the magnetic field (i.e. when the 
particle leaves the magnetic field) the deviation will be 


0- sin (=) 
r 


But, since, sin $1, this relation can be used only when x < r. 


For x 2 r, the deviation will be 180? as shown in figure. 


© Example 1 The region between x = 0 and x = L is filled with uniform steady 
magnetic field —Bok..A particle of mass m, positive charge q and velocity vi 


travels along x-axis and enters the region of the magnetic field. [JEE 1999] 
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Neglect the gravity throughout the question. 
(a) Find the value of L if the particle emerges from the region of magnetic field with its 
final velocity at an angle 30° to its initial velocity. 


(b) Find the final velocity of the particle and the time spent by it in the magnetic field, if 
the magnetic field now extends upto 2.1 L. 
Solution (a) 6=30° 


sin 8 = 2 
R 
Here, R= Mvo 
Boq 
sin 30° = ES 
mug 
Boq 
or lh 
2 mu 
L- 7% 
2Boq 
(b) In part (a) 
sin 30°=— or ee 
2 R 
or L-Rf 
Now, when L’=2.1 L 
or 2.1 R > L5R 


Therefore, deviation of the particle is 0 = 180? as shown in figure. 


Vy =—Uoi 
Tm 
and tag = T/2=— 
Boq 


Type 2. To find coordinates and velocity of particle at any time t in circular path 
© Example 2 A particle of specific charge a enters a uniform magnetic field 


B = — B k with velocity v = vọi from the origin. Find the time dependence of 
velocity and position of the particle. 


A : 
oO Vo x 


OC = CP = radius of circle 
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HOW TO PROCEED Jn such type of problems first of all see the angle between v and B. 
Because only this angle decides the path of the particle. Here, the angle is 90°. 
Therefore, the path is a circle. If it is a circle, see the plane of the circle (perpendicular 
to the magnetic field). Here, the plane is xy. Then, see the sense of the rotation. 
Here, it will be anti-clockwise as shown in figure, because at origin the magnetic 
force is along positive y-direction (which can be seen from Fleming's left hand rule). 
Find the deviation and radius of the particle. 
U 
0=0t= Bat and r= 
Bou 
Now, according to the figure, find v(t) and r(t). 
Solution Velocity of the particle at any time t is 
v(t) - vi + vj = v cos ĝi + vọsinðj 
or v (t) = v cos (Baat) i + vp sin (Baat) j Ans. 
Position of particle at time t is 
r (t)=xi + yj- rsin@i+ (r — rcos0)j 
Substituting the values of r and 0, we have 
Uo 


r (0-4 [sin (Byot)i + (1 — cos (Byot))3] Ans. 
0 


Type 3. 7o find coordinates and velocity of particle at any time t in helical path 


Example 3 A particle of specific charge © is projected from origin with velocity 
v 2 vgl — vok in a uniform magnetic field B = — Byk Find time dependence of 
velocity and position of the particle. 

HOW TO PROCEED Here, the angle between v and B is 


0 = cos! 


vV: B zi Bovo 3l 1 | 
= cos = cos 
or 0 = 45? 
Hence, the path is a helix. The axis of the helix is along z-axis (parallel to B) and 
plane of the circle of helix is xy (perpendicular to B). So, in xy-plane, the velocity 
components and x and y-coordinates are same as that of the above problem. The only 
change is along z-axis. Velocity component in this direction will remain unchanged 
while the z-coordinate of particle at time t would be v,t. 
Solution Velocity of particle at time t is 
v(t)- vi + vj + vk 

= Ug COS (Byat)i + Up sin (Byat)j — vok Ans. 
v, and v, can be found in the similar manner as done in Example 2. 
The position of the particle at time t would be 
r (t) = xi + yj + zk 


Here, Z=0,t =— Vot 
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and x and y are same as in Example 2. 


Hence, r()- Le [sin (Baat) + {1 — cos (Bgat))j] — votk Ans. 
Ot 


Type 4. 7o find the time spent in magnetic field, deviation etc. if a charged particle enters from 
outside in uniform magnetic field (which extends upto large distance from point of entering) 


© Example 4 A charged particle (q, m) enters a uniform magnetic field B at angle 
a as shown in figure with speed vy. Find 


x x 
x x 
x x 
x x 
x XB 
x x 


(q, m) 


(a) the angle D at which it leaves the magnetic field. 
(b) time spent by the particle in magnetic field and 
(c) the distance AC. 


Solution (a) Here, velocity of the particle is in the plane of paper while the v; 


magnetic field is perpendicular to the paper inwards,. i.e. angle between v and 
Bis 90°. So, the path is a circle. The radius of the circle is r = o 


q x d 
O is the centre of the circle. In AAOC, bcn 
ZOCD = ZOAD PE 
or 90°— B=90°—« 
Es B=a Ans. 
(b) ZCOD = ZDOA = (as ZOCD = ZOAD =90° — o) "B 
ZAOC =20 
or length APC =r Ca) = 22% a 
Bq 
Lane APC P 2ma Au 
U, Bq 
Alternate method 
tipo x &«)- (8) p 
2x 
7 (2) 2um)| 2am Ans. 
T Bq Bq 
(c) Distance, AC =2 (AD) =2 (rsina) 
sina Ans. 
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© Example 5 A particle of mass m=1.6 x 10 7" kg and charge q = 1.6 x 1071? C 
enters a region of uniform magnetic field of strength 1 T along the direction 


shown in figure. The speed of the particle is 10" m/s. (JEE 1984) 

x X x X x 

x X Xx X x 

x X Xx X Xx 

9 Xx X x X Xx 
F x X Xx X x 

X X X X Xx 

E x x x x x 
x X x X Xx 

459 | X X X X x 
x X Xx X x 

X X x X Xx 


(a) The magnetic field is directed along the inward normal to the plane of the paper. The 
particle leaves the region of the field at the point F. Find the distance EF and the 
angle 0. 

(b) If the direction of the field is along the outward normal to the plane of the paper, find 
the time spent by the particle in the region of the magnetic field after entering it at E. 

Solution Inside a magnetic field, speed of charged particle does not change. Further, velocity 

is perpendicular to magnetic field in both the cases hence path of the particle in the magnetic 

field will be circular. Centre of circle can be obtained by drawing perpendiculars to velocity 

(or tangent to the circular path) at E and F. Radius and angular speed of circular path would be 


mu 
Bq 
x x 
© 
x x 
© 
x x 
Ce ae o 
x x 
e 
x x 
e 
x x 


(a) Refer figure (i) 
ZCFG =90° -0 and ZCEG - 90? - 45° = 45? 


Since, Pape 
U ZCFG - ZCEG 
or 90°-@=45° or 0-45? 
Further, FG - GE =r cos 45? 

EF - 2FG - 2r cos 45° = 27 08 49" 

Bq 
1 
2 (1.6 x 1077) 107) C] 

T v2) -014m 


(1) 0.6 x 10719) 
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Note That in this case particle completes 1/ Ath of circle in the magnetic field because the angle rotated is 90°. 
(b) Refer figure (ii) In this case, particle will complete : th of circle in the magnetic field. 
Hence, the time spent in the magnetic field : 

t= - (time period of circular motion) 
-3 (22m) em 
4\ Bq 2 Bq 
_ (8x) (1.6 x 1077) 
(2) (1) (1.6 x 10779) 
-4.712 x10? s Ans. 


Note Fromthe above examples, we can see that particle never completes circular path if it enters from outside in 
uniform magnetic field at right angles (as in Examples 1, 4 and 5). Circle is completed if magnetic field 
extends all around (Example-2). Following figures explain these points more clearly. In all figures, particle is 


positively charged. 
x x x x x x 
v. V 
x x x x x 
x x x x 
v 
x x x x x x 
x x x x x 


x x x x x x 
In figure (a) Centre of circular path is lying on the boundary line of magnetic field. Deviation of the 


particle is 180? and time spent in magnetic field t — on 


In figure (b) Centre of circular path lies outside the magnetic field. Deviation of the particle is less than 
180° and time spent in magnetic fieldt < 7 


In figure (c) Centre of circular path lies inside the magnetic field. Deviation of the particle is more than 
180° and time spent in magnetic field t > 7 


Type 5. Based on the concept of helical path 


Concept 
Following points are worthnoting in case of a helical path. 
G) The plane of the circle of the helix is perpendicular to the magnetic field. 
Gi) The axis of the helix is parallel to magnetic field. 
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(iii) The particle while moving in helical path in magnetic field — y, 
touches the line passing through the starting point 
parallel to the magnetic field after every pitch. 

For example, a charged particle is projected from origin in 
a magnetic field (along x-direction) at angle 0 from the 
x-axis as shown. As the velocity vector v makes an angle 0 0 


>B 


with B, its path is a helix. The plane of the circle of the helix O di 

is yz (perpendicular to magnetic field) and axis of the helix " 

is parallel to x-axis. The particle while moving in helical 

path touches the x-axis after every pitch, i.e. it will touch the x-axis at a distance 
x-np where, n 2 0,1, 2... 


© Example 6 An electron gun G emits electrons of energy 2 keV travelling in the 
positive x-direction. The electrons are required to hit the spot S where GS = 0.1 m, 
and the line GS makes an angle of 60? with the x-axis as shown in figure. A uniform 
magnetic field B parallel to GS exists in the region outside the electron gun. 

S 


Find the minimum value of B needed to make the electrons hit S. (JEE 1993) 
Solution Kinetic energy of electron, S 
K- jme =2 keV 
2K °/ 
Vm 
2x2 x 1.6 x107 


v= m/s 
Y 91x10? 


22.65 x10! m/s 


Since, the velocity (v) of the electron makes an angle of 0 = 60° with the magnetic field B, the 
path will be a helix. So, the particle will hit S if 


GS =np 
Here, n-21,2,98 . 


Speed of electron, v= 


p = pitch of helix = 2mm vcosO 
qB 
But for B to be minimum, n - 1 


Hence, GS = p= eu vcos0 
qB 


_ _ 2mmvcos® 
min q(GS) 
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Substituting the values, we have 


(21)(9.1 x 10?!) (2.65 x 10’) (5) 
Bo = 2 
m (1.6 x 10719) 0.1) 
or Buin = 4.73 X10 T Ans. 


Type 6. Based on calculation of magnetic field due to current carrying wires 


© Example 7 A wire shaped to a regular hexagon of side 2 cm carries a current of 
2 A. Find the magnetic field at the centre of the hexagon. 
Solution :: 0-30? 


— — tan 0 (BC =1 cm) 


Net magnetic field at O is 6 times the magnetic field 
due to one side. 


B=6| #2 (sino + sind) 
AT r 


 6007)Q) E n) 
J3 x10% (2 2 


=6.9x10° T Ans. 


6 Example 8 Find the magnetic field B at the point P in figure. 


Solution Magnetic field at P due to SM and OQ is zero. Due to QR and RS are equal and 
outwards. Due to MN and NO are equal and inwards. 


Q 
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Due to QR and RS, 


B, =2/ te I (sin 0° + sin 45°)| 
4x 2a 


= Mol 
AJ2xa 


[outwards] 
Due to MN and NO, 
B,-2 E L (sin 0° + sin 45° | 
An a 
_ bol 
242 xa 


Mol A 
B,-B,-B,- inwards 
net 2 ‘1 AJ2 tä [ ] 


[inwards] 


© Example 9 A long insulated copper wire is closely wound as a spiral of N turns. 
The spiral has inner radius a and outer radius b. The spiral lies in the xy-plane 
and a steady current I flows through the wire. The z-component of the magnetic 
field at the centre of the spiral is (JEE 2011) 


oN, (b oN | (b*a 
(o) in ©) Xe- Ds] 

uo NI b Bo NI, bt+a 
() ab ZH ob in FS) 


Solution (a) If we take a small strip of dr at distance r from centre, then number of turns in 


this strip would be 
dN -( N je 
b 


-a 
Magnetic field due to this element at the centre of the coil will be 
(dNM _ uw NI dr 
2r (b — a) 2r 


B= i dp= HMeM m (=) 
r=a 2(b—a) a 


dB - P» 


- Correct answer is (a). 
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e 


Note 


Example 10 An infinitely long conductor PQR is bent to form a right angle as 
shown in figure. A current I flows through PQR. The magnetic field due to this 
current at the point M is H,. Now, another infinitely long straight conductor QS 
is connected at Q, so that current is I/2 in QR as well as in QS, the current in PQ 
remaining unchanged. The magnetic field at M is now H,. The ratio H,/H, is 
given by (JEE 2000) 


e 
cl 
o 


(a) 1/2 (b) 1 (c) 2/8 (d) 2 
Solution H, = Magnetic field at M due to PQ + Magnetic field at M due to QR 
But magnetic field at M due to QR =0 
-. Magnetic field at M due to PQ (or due to current Jin PQ) 
= Hi 
Now, H, = Magnetic field at M due to PQ (current J) 
+ magnetic field at M due to QS (current 7/2) + magnetic field at M due to QR 


A ES +0 a2 H 
2 2 
H _2 
H, 3 


Magnetic field at any point lying on the current carrying straight conductor is zero. 


Type 7. Based on the magnetic force on current carrying wire 


Example 11 A long horizontal wire AB, which is free to move in a vertical plane 
and carries a steady current of 20 A, is in equilibrium at a height of 0.01 m over 
another parallel long wire CD which is fixed in a horizontal plane and carries a 
steady current of 30 A, as shown in figure. Show that when AB is slightly 


depressed, it executes simple harmonic motion. Find the period of oscillations. 
(JEE 1994) 
A———— B 


C 


D 


Solution Let m be the mass per unit length of wire AB. At a height x above the wire CD, 
magnetic force per unit length on wire AB will be given by 


(upwards) ... (1) 


Weight per unit length of wire AB is 
F,-mg (downwards) 
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Here, m = mass per unit length of wire AB 


At x= d, wire is in equilibrium, i.e. 
Fc 
T Ho hio m 
2m d 
hio m, m" 
or Fo PA = sss b) 
Fm 
A Bi,=20A ] 
F; x=d=0.01m 
C D l 


When AB is depressed, x decreases therefore, F,, will increase, while F, remains the same. 
Change in magnetic force will become the net restoring force, Let AB is displaced by dx 
downwards. 


Differentiating Eq. (1) w.r.t. x, we get 


dE,--Hoh gy ...(iii) 


i.e. restoring force, F = dF, « — dx 
Hence, the motion of wire is simple harmonic. 
From Eqs. (ii) and (iii), we can write 


-. Acceleration of wire, a =— (4) .dx 


Hence, period of oscillation 


T 9 |displacement | -on dx 
[acceleration | a 
or T -2n d Lon Qu 
g 9.8 
or T=0.2s Ans. 


Example 12 A straight segment OC (of length L) of a 
circuit carrying a current I is placed along the x-axis . 
Two infinitely long straight wires A and B, each 
extending from z = — co to + oo, are fixed at y 2 — a and 
y=+a respectively, as shown in the figure. If the 
wires A and B each carry a current I into the plane of 
the paper, obtain the expression for the force acting on 
the segment OC. What will be the force on OC if the 
current in the wire D is reversed? (JEE 1992) 


406 * Electricity and Magnetism 


Solution (a) Let us assume a segment of wire OC at a point P, a distance x from the centre of 
length dx as shown in figure. 


y^ 

B®, 
“8 dx 

O > Corm > >x 
I MP 
ue 8 

T XB B4 
AGO B Net 


Magnetic field at P due to current in wires A and B will be in the directions perpendicular to 
AP and BP respectively as shown. 
I 
|B|- Mo. 7. 
2n AP 
Therefore, net magnetic force at P will be along negative y-axis as shown below 


B et =2|Blcos® 


-2 (52) sas) 


Ix 
Bret E (£2) 2 
T) (AP) 


Therefore, force on this element will be 


dF-I ES stu dx [in negative z-direction] 
Ta +x 
- Total force on the wire will be 
F=f" “dF = Hol’ ph_xdx 
x-0 x 10x74 q? 
2 2, 2 
- Hol ln [: 1e | [in negative z-axis] 
20 a 
2 2 2Y. 
Hence, F= Hol In E ui Ji 
2x a 


(b) When direction of current in Bis reversed net magnetic field is along the current. Hence, force 
ls zero. 
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6 Example 13 Two long straight parallel wires are 2 m apart, AQ) 
perpendicular to the plane of the paper. The wire A carries a 
current of 9.6 A, directed into the plane of the paper. The wire B 
carries a current such that the magnetic field of induction at the 
point P, at a distance of 10/11 m from the wire B, is zero. 

Find (JEE 1997) 
(a) the magnitude and direction of the current in B. 

(b) the magnitude of the magnetic field of induction at the point S. 

(c) the force per unit length on the wire B. 


Solution (a) Direction of current at B should be perpendicular to paper 
outwards. Let current in this wire be ig. Then, 


Ho lA _ Ho ip 
Qn (2+ 32) 2x (10/11) 
11 
m ip _10 
i, 32 
. 10 ,. 10 
o = Xirs x9.6=3A 
ý "a 4 ge 
(b) Since, AS? + BS? = AB? 
Z ASB - 90? 


At S : B, = Magnetic field due to i4 
Ho ia _ 2X10) 9.6) 
2n 1.6 1.6 
=12x10" T 
B, = Magnetic field due to ig 


-Ho Ís 
2n 1.2 
| 2x10) Q) 
1.2 
-5x10^7T 


Since, B, and B, are mutually perpendicular. Net magnetic field at S would be 


B=; B? + B? 


- 02 x107)? + 6x107)? 


218x107 T 
(c) Force per unit length on wire B: 
F _ Mo lap [- r=AB=2 m] 
l| 2n r 
_ x1077) (9.6 x 3) 
2 


29.88 x 107 N/m 
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© Example 14 A current of 10 A flows around a closed path in a circuit which is 
in the horizontal plane as shown in the figure. The circuit consists of eight 
alternating arcs of radii r; 20.08 m and r, 0.12 m. Each subtends the same 
angle at the centre. (JEE 2001) 


(a) Find the magnetic field produced by this circuit at the centre. 

(b) An infinitely long straight wire carrying a current of 10 A is passing through the centre 
of the above circuit vertically with the direction of the current being into the plane of the 
circuit. What is the force acting on the wire at the centre due to the current in the 
circuit? What is the force acting on the arc AC and the straight segment CD due to the 
current at the centre? 

Solution (a) Given, i = 10 A, r, 20.08 m and 7,=0.12 m. Straight portions, i.e. CD etc, will 

produce zero magnetic field at the centre. Rest eight arcs will produce the magnetic field at the 

centre in the same direction, 1.e. perpendicular to the paper outwards or vertically upwards and 
its magnitude 1s 


B= B, 


inner arcs 


+ Bote arcs 
.1ljHoi 4 1 J Hot 
2 (27 2 (2r, 
= (22) (ni) (5 + 2) 
4n nr, 


..(1077)(8.14)(10)(0.08 + 0.12) 
(0.08 x 0.12) 


B=6.54x10° T 
(vertically upward or outward normal to the paper) 


Substituting the values, we have 


B 


(b) Force on AC 
Force on circular portions of the circuit, i.e. AC etc, due to the wire at the centre will be zero 
because magnetic field due to the central wire at these arcs will be tangential (0 = 180°). 
Force on CD 
Current in central wire is also i= 10 A. Magnetic field at distance x due to central wire 
Bato i 
2n x 
Magnetic force on element dx due to this magnetic field 
aF - oy (ba 3 ; da- (Bois [F - ilBsin90*] 
2m x 2x x 


Chapter 26 Magnetics *« 409 


Therefore, net force on CD is 


x= 52 L 
F-['"ap-tt [Oe Ho (2) 


n 2m 20.08 x 2m 2 
Substituting the values, F = (2 x 10) (10)? In (1.5) 
or F 28.1x10 N (inwards) 


Force on wire at the centre 


Net magnetic field at the centre due to the circuit is in vertical direction and current in the 
wire in centre is also in vertical direction. Therefore, net force on the wire at the centre will 
be zero. (0 2 180?). Hence, 

(i) Force acting on the wire at the centre is zero. 

(ii) Force on arc AC = 0. 
(iii) Force on segment CD is8.1x 10 N (inwards). 


Type 8. Based on the magnetic force on a charged particle in electric and (or) magnetic field 


6 Example 15 Consider the motion of a positive point charge in a region where 
there are simultaneous uniform electric and magnetic fields E — E,j and B= Bj 
At time t 2 0, this charge has velocity v in the xy-plane making an angle 0 with the 
x-axis. Which of the following option(s) is(are) correct for time t > 0? (JEE 2012) 
(a) If 0 = 0°, the charge moves in a circular path in the xz-plane. 

(b) If 8= 0°, the charge undergoes helical motion with constant pitch along the y-axis 

(c) If 0 2 10*, the charge undergoes helical motion with its pitch increasing with time along 

the y-axis. 

(d) If 0 = 90°, the charge undergoes linear but accelerated motion along the y-axis. 

Solution Magnetic field will rotate the particle in a circular path (in xz-plane or 

perpendicular to B). Electric field will exert a constant force on the particle in positive 

y-direction. Therefore, resultant path is neither purely circular nor helical or the options 

(a) and (b) both are wrong. 

(c) v, and Bwill rotate the particle in a circular path in xz- plane (or perpendicular to B). Further, 
y and E will move the particle (with increasing speed) along positive y-axis (or along the axis of 
above circular path). Therefore, the resultant path is helical with increasing pitch along the 
y-axis (or along B and E). Therefore, option (c) is correct. 


(d) E 
| 


X 


Magnetic force is zero, as 09 between B and vis zero. But, electric force will act in y-direction. 
Therefore, motion is 1-D and uniformly accelerated (towards positive y-direction). 


Therefore, option (d) is also correct. 
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6 Example 16 A particle of charge *q and mass m A 
moving under the influence of a uniform electric field Ei 


and uniform magnetic field B k follows a trajectory from 


P to Q as shown in figure. The velocities at P and Q are 
vi and —2 j. Which of the following statement(s) is/are 


>X 
correct ? (JEE 1991) 
2 
(a) E= m 
4| qa 


3 
(b) Rate of work done by the electric field at P is jn] 


(c) Rate of work done by the electric field at P is zero 
(d) Rate of work done by both the fields at Q is zero 


Solution Magnetic force does not do work. From work-energy theorem : 


Wr, = AKE 
or (qE) Qa) = jm [4v — V2] 
2 
or E= 8 us 
4\ qa 


- Option (a) is correct. 
At P, rate of work done by electric field 


= F,: v = (qE) (v) cos 0? 
3 mv? 3( mi? 
=q is 
4 qa Al a 
Therefore, option (b) is also correct. 
Rate of work done at Q: 


of electric field = F,- v = (gE) (2v) cos 90? 20 and of magnetic field is always zero. 


Therefore, option (d) is also correct. 
Note that F, = qEi 


© Example 17 A proton moving with a constant velocity passes through a region 
of space without any change in its velocity. If E and B represent the electric and 


magnetic fields, respectively. Then, this region of space may have (JEE 1985) 
(a) E20, B20 (b E=0,B#0 
(c) E+ 0,B=0 (d) E#0,B#0 


Solution If both E and B are zero, then F, and E, both are zero. Hence, velocity may remain 
constant. Therefore, option (a) is correct. 

If E 20, B +0 but velocity is parallel or antiparallel to magnetic field, then also F, and E,, both 
are zero. Hence, option (b) is also correct. 

If E +0, B +0 but F, + E, =0, then again velocity may remain constant or option (d) is also 
correct. 
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6 Example 18 A wire loop carrying a current I is placed in the xy-plane as shown 
in figure. (JEE 1991) 


N 
(a) If a particle with charge +Q and mass m is placed at the centre P and given a velocity v 
along NP (see figure), find its instantaneous acceleration. 
(b) If an external uniform magnetic induction field B- Bi is applied, find the force and the 
torque acting on the loop due to this field. 
Solution (a) Magnetic field at P due to arc of circle, 


Mom y 
a N 
Ma N 
T \ X x 
n *Q \ 
I [ 80 ik | 
60°)" P i 
/ iY v 
ʻa 
Á 60° 
Fé x 
N'- e ^ 


Subtending an angle of 120? at centre would be 


B, = ; (field due to circle) = i (Het) 


2a 
= Hof [outwards] 
6a 
= 0.16 Hol [ outwards] 
a 
T B= 0.16u9I k 
a 


Magnetic field due to straight wire NM at P, 


B, = 42 1 (sin 60° + sin 60°) 
An r 
Here, r =a cos 60? 


B,-"e. l gne) 
47 a cos 60? 


or B, = Ho d tan 60? 
21 a 
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_ 9.27 pof of (inwards) 
a 
a patu 
a 
Bae = B, + B=- Hot g 
a 


Now, velocity of particle can be written as 
v=vcos60°Î + v sin 60* j 


v;  43v4 
=—i+—j 
2 2 
Magnetic force, 
E, = Q (vx B) 
 O.liggIQu; 0.1143 HolQus 
2a ! 2a 


-. Instantaneous acceleration, 
E, O.ll1pgpgQvu ^ 4 
a ne = Ho Q Gj V3 i) 
m 2am 
(b) In uniform magnetic field, force on a current loop is zero. Further, magnetic dipole moment of 
the loop will be 


M =(IA)k 


Here, A is the area of the loop. 
A =| (ma?) -5 [2x a sin 60°] [a cos 60°] 


2 2 
= 10 9 gin 120° 
3 
=0.61 a? 


M = (0.61 lað k 


Given, B=Bi 
t=Mx B= (0.61 Ia?B) j 


© Example 19 Two long parallel wires carrying currents 2.5 A and I (ampere) in 
the same direction (directed into the plane of the paper) are held at P and Q 
respectively such that they are perpendicular to the plane of paper. The points P 
and Q are located at a distance of 5 m and 2 m respectively from a collinear point 


R (see figure). (JEE 1990) 


(a) An electron moving with a velocity of 4x10° m/s along the positive x-direction 
experiences a force of magnitude 3.2 x 10° N at the point R. Find the value of I. 

(b) Find all the positions at which a third long parallel wire carrying a current of 
magnitude 2.5 A may be placed, so that the magnetic induction at R is zero. 
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Solution (a) Magnetic field at R due to both the wires P and Q will be downwards as shown 


in figure. 
@------- “@--------- 7 Y 
P Q 
Bp 
Bo 


Therefore, net field at R will be sum of these two. 
B = Bp T Bo 
_ Ho Jp , Ho TQ Wo E 2) 
215 2 2 2m\5 2 


= "0 (741) =107 0+1) 
4T 


Net force on the electron will be 


M R N 
© i © 
1m 1m 
FE, = Bqusin90° 
or (8.2 x1079) = 1077) A + 1) (1.6 x 109) (4 x 10°) 
or I+1=5 


a I-4A 
(b) Net field at R due to wires P and Q is 
B-107"(I-1)T 
=5xi0" T 
Magnetic field due to third wire carrying a current of 2.5 A should be 5 x 10 T in upward 
direction, so that net field at R becomes zero. Let distance of this wire from R be r. Then, 

Ho 255x107 

2n r 
or CLUES ^) @.5) =5x10"m 

r 

or r=lm 
So, the third wire can be put at M or N as shown in figure. 
If it is placed at M, then current in it should be outwards and if placed at N, then current be 
inwards. 


Type 9. Path of charged particle in both electric and magnetic fields 


Concept 
Here, normally two cases are popular. In the first case, ETT B and particle velocity is 
perpendicular to both of these fields. In the second case, E 1. Band the particle is released 
from rest. Let us now consider both the cases separately. 
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© Example 20 When E 1T B and particle velocity is perpendicular to both of these 
fields. 


Solution Consider a particle of charge q and mass m released from the origin with velocity 
v= Ui into a region of uniform electric and magnetic fields parallel to y-axis, i.e. E = Ej and 


B= Boi. The electric field accelerates the particle in y-direction, i.e. y-component of velocity goes 
on increasing with acceleration, 


F 
ipo E E NO 
" m m m 
The magnetic field rotates the particle in a circle in xz-plane (perpendicular to magnetic field). 
The resultant path of the particle is a helix with increasing pitch. The axis of the plane is 
parallel to y-axis. Velocity of the particle at time t would be 
v(t) 2 vi v,jt+ vk 
= _ gE 
Here, Vy = ayt = UR t 
and V? + v? = constant = ve 
B 
0-ot- 72, 
m 
B 
U, = Ug COSÓ = Up cos (22) 
m 
and v, = v Sin0 = uy sin (=<) 
m 
Bat \ > E 4 : AN 
v()- wes q Ji (s ji "sin q Ji 
m m 
Similarly, position vector of particle at time ¢ can be given by ZA 
r (t) 2xi4 yj zk 
Here, y-la, -5( 24) t? 
2° 2\ m 
Fm 
x= rsino - (522) sin (22) : 
Bq m t0 i 
and z-r(1—cos0)- (=) $ cos (39) 
Bq m 


eoo (aa) en i (Se) i+ (e) [fa SHE 


Note (i) While moving in helical path the particle touches the y-axis after every T or after, 


tSn, where n =0, 1,2... 
Here, T= enn 
Bq 


(i) Att =0, velocity is along positive x-axis and magnetic field is along y-axis. Therefore, magnetic force is 
along positive z-axis and the particle rotates in xz-plane as shown in figure. 
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© Example 21 When E L B and the particle is released at rest from origin. 


Solution Consider a particle of charge q and mass m emitted at origin with zero initial 
velocity into a region of uniform electric and magnetic fields. The field E is acting along x-axis 
and field B along y-axis, i.e. 


E= Epi 
and B= Bj 
Electric field will provide the particle an acceleration (and therefore a velocity component) in 
x-direction and the magnetic field will rotate the particle in xz-plane (perpendicular to B). 


Hence, at any instant of time its velocity (and hence, position) will have only x and z 
components. Let at time t its velocity be 


v=v,i+ vk 
Net force on it at this instant is 
F=F,+ F,=qE+q(vxB) 
=q [Eoi + (ui + v,k) x (Boi) 


or F = q (Ep — v,Bo) i+ qu, Bok 
a=—=a,i+a,k 
m 
where, a, =£ (Ey — v,Bo) i) 
m 
and a, 2 vB, ... ii) 
m 


Differentiating Eq. (i) w.r.t. time, we have 
d*v, ^ qBy (=) 


dt? m \ dt 
But, ee a,= Bo Ü; 
dt m ` 
2 2 
NS =- (=) v, Gii) 
2 
Comparing this equation with the differential equation of SHM E =— zj ,we get 
- 9B, 
m 
and the general solution of Eq. (iii) is 
v, = Asin (ot + p) ...(v) 
At time £20, v, -0, hence,$-0 
Again, — = AQ cos œt (as $ - 0) 


From Ead, E 9. att=0, asv, =0 -at det 
m 
ipata or qum 
m om 


M B 
Substituting © = Wo , we get A=— 
m 


416 * Electricity and Magnetism 


Note 


Therefore, Eq. (iv) becomes 


where, 0 =— 


Now substituting value of v, in Eq. (ii), we get 
dv, _ qEy 
dt m 


sin wt 


z Eg pt. 
" dv, =i] sin o dt 
0 m 0 
E 
or U, = gn (1— cos wt) 
om 


0 


rd B 
Substituting œ = 420 , we get 
m 


E 
v, = — (1 — cos wt) 
B, 
On integrating equations for v, and v, and knowing that at t 20, x 20 and z 20, we get 


E 


x= 1 — cos wt 
Ba ( ) 
and z- ELS (ot — sin wt) 
Bœ 


These equations are the equations for a cycloid which is defined as the path generated by the 
point on the circumference of a wheel rolling on a ground. 


X 


2E, 
Boo 


Fa 


In the present case, the radius of the rolling wheel is —-, the maximum displacement 
o 
; . . 2E, . 
along x-direction is ——-. The x-displacement becomes zero at t = 0, 21/0, 41/a, etc. 
na) 


Path of a charged particle in uniform electric and magnetic field will remain unchanged if 


Fret 70 
or F, + F,, =0 
or gE + q (v xB) 0 
or E=-(v xE) 


=(E xv) 


Miscellaneous Examples 


6 Example 22 A cyclotron's oscillator frequency is 10 MHz. What should be the 
operating magnetic field for accelerating protons? If the radius of its dees is 
60 em, what is the kinetic energy (in MeV) of the proton beam produced by the 
accelerator? 

(e = 1.60 x 10 7? C, m, = 1.67 x 10 7" kg, 1 MeV = 1.6 x 10 P J) 


Solution Magnetic field Cyclotron’s oscillator frequency should be same as the proton's 
revolution frequency (in circular path) 
_ Ba 
- 9xm 
_ 2nmf 
q 


or B 


Substituting the values in SI units, we have 
_ )2/7)0.67 x 10 77)(10 x 109) 
162109 * 
=0.67 T Ans. 


Kinetic energy Let final velocity of proton just after leaving the cyclotron is v. Then, radius of 
dee should be equal to 


B 


Kinetic energy of proton, 


K -3m-2n ( 
2 2 


Ben]. B?g?g? 


m 2m 


Substituting the values in SI units, we have 
(0.67)*(.6 x 1071?)*(060)* 
"2x 167x102" 
=12x10" J 
12x10" 


- MeV 
(L6x1079)009) ^ 


= 7.5 MeV Ans. 


K 


© Example 23 A charged particle carrying charge q = 1uC moves in uniform 
magnetic field with velocity v, — 10° m/s at angle 45° with x-axis in the xy-plane 
and experiences a force F, = 542 mN along the negative z-axis. When the same 
particle moves with velocity v = 10° mls along the z-axis, it experiences a force 
F, in y-direction. Find 
(a) the magnitude and direction of the magnetic field 
(b) the magnitude of the force Fy. 
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Solution Fis in y-direction when velocity is along z-axis. Therefore, magnetic field should be 
along x-axis. So let, 


B- Bi 
10°; 1095. 
a) Given, v =— i+ — 
and F, =- 542 x10? k 
From the equation, F=q (vx B) 
We have C 542 x 107°) k= (1079) 10°; , 10° x (Bpi) 
V2 4X2 g 
Bo = 
=—=k 
42 
Bo E 
22 2542 x10 
J2 
or B, =107T 
Therefore, the magnetic field is 
B=(107i)T Ans. 
(b) F, = Boqv sin 90° 


As the angle between B and vin this case is 90°. 
F, = (10?) 10 5) (109) 
=107N Ans. 


© Example 24 A wire PQ of mass 10 g is at rest on two parallel metal rails. The 
separation between the rails is 4.9 cm. A magnetic field of 0.80 T is applied 
perpendicular to the plane of the rails, directed downwards. The resistance of the 
circuit is slowly decreased. When the resistance decreases to below 20 Q, the wire 
PQ begins to slide on the rails. Calculate the coefficient of friction between the 
wire and the rails. 


P 
X X X X X 


t X X X X X 6v 
4.9 cm —] = 


X X x x x 


Q 
Solution Wire PQ begins to slide when magnetic force is just equal to the force of friction, i.e. 
u mg = ilBsin 0 (0 =90°) 
Here, jue ok 
R 20 


j= il B (0.3) (4.9 x 10°) (0.8) 
mg (10 x 10?) (9.8) 
=0.12 Ans. 
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Example 25 What is the value of B that can be set up at the equator to permit a 
proton of speed 10" m/s to circulate around the earth? 
[R = 6.4 x 109 m, m, 2 1.67 x 107" kg]. 


Solution From the relation 


We have B=— 


Substituting the values, we have 
(1.67 x 1077) (107) 
(1.6 x 10719) (6.4 x 10°) 


=16x10°T Ans. 


© Example 26  Deuteron in a cyclotron describes a circle of radius 32.0 cm. Just 
before emerging from the D’s. The frequency of the applied alternating voltage is 
10 MHz. Find 
(a) the magnetic flux density (i.e. the magnetic field). 
(b) the energy and speed of the deuteron upon emergence. 
Solution (a) Frequency of the applied emf = Cyclotron frequency 


Bq 
0. = 
: f 2nm 
B- 2nmf 
q 
.0) (8.14) @ x 1.67 x 107 ) Q0 x 10°) 
1.6 x 1077? 
=1.30 T Ans. 
(b) The speed of deuteron on the emergence from the cyclotron, 
v= nm -2nfR 
T 


= (2) (8.14) (10 x 10°) (82 x 10?) 
—2.01 x 10/ m/s 


T 
Energy of deuteron = 3 mv? 


- - x 8 x 1.67 x 10777) 9.01 x 10)? J 
—4.22 MeV Ans. 
Note 1MeV=1.6 x107?J 


6 Example 27 In the Bohr model of the hydrogen atom, the electron circulates 
around the nucleus in a path of radius 5 x 10 !! m at a frequency of 6.8 x 10? Hz. 


(a) What value of magnetic field is set up at the centre of the orbit? 
(b) What is the equivalent magnetic dipole moment? 
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Solution (a) An electron moving around the nucleus is equivalent to a current, 


i=af 
Magnetic field at the centre, 
p Eo! Moat 
2R 2R 


Substituting the values, we have 
_ (4x x107) (1.6 x 10779) 6.8 x 1075) 


2x5.1x107! 


=13.4T Ans. 


(b) The current carrying circular loop is equivalent to a magnetic dipole with magnetic dipole 
moment, 


B 


M = NiA = (Nof x R?) 
Substituting the values, we have 
M = (1) (1.6 x 10779) 6.8 x 10") (3.14) 6.1 x 10H)? 
=8.9x1074 A-m? Ans. 


© Example 28 A flat dielectric disc of radius R carries an excess charge on its 
surface. The surface charge density is o. The disc rotates about an axis 
perpendicular to its plane passing through the centre with angular velocity œ. 
Find the torque on the disc if it is placed in a uniform magnetic field B directed 
perpendicular to the rotation axis. 
Solution Consider an annular ring of radius r and of thickness dr on this disc. Charge within 


this ring, 
o 
——— B 
C2 »5— 
—— 


dq = (6) Qnrdr) 
As ring rotates with angular velocity o, the equivalent current is 


i = (dq) (frequency) 
= (c) Qnrdr) (2) or i-oordr 
2n 


Magnetic moment of this annular ring, 
M - iA = (oordr) (nr?) (along the axis of rotation) 
Torque on this ring, 
dt = MBsin 90° = (conr? B) dr 
R R 
-. Total torque on the disc is c= [at = (conB)|. dr 


| cox BR* 
| 4 


Ans. 
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6 Example 29 Three infinitely long thin wires, each carrying current i in the 
same direction, are in the xy-plane of a gravity free space. The central wire is 
along the y-axis while the other two are along x =+ d. 
(i) Find the locus of the points for which the magnetic field B is zero. 
(ii) If the central wire is displaced along the z-direction by a small amount and 
released, show that it will execute simple harmonic motion. If the linear mass density of 
the wires is À, find the frequency of oscillation. 


Solution (i) Magnetic field will be zero on the y-axis, i.e. x 20 = z. 


Magnetic field cannot be zero in region I and region IV because in region I magnetic field will 
be along positive z-direction due to all the three wires, while in region IV magnetic field will be 
along negative z-axis due to all the three wires. It can be zero only in region II and III. 

Let magnetic field is zero on line z=0 and x= x (shown as dotted). The magnetic field on this 


line due to wires 1 and 2 will be along negative z-axis and due to wire 3 along positive z-axis. 
Thus, 


| | B=0 y B=0 
th i : i 
O i = O >X 
X 'd-x 
d+x i 
1 2 = 
3 x= B=0 xe 
z=0 z=0 
B, + B, = B; 
on Ho 1 Mol Ho t 
2x (d+x) 2mx 2m (d—x) 
1 1 ih 
or += 
d+x x d-x 
This equation gives gat E 
| 48 
Hence, there will be two lines x A 
d 
and x=- -= (z 20) 
43 


where, magnetic field is zero. Ans. 
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(ii) In this part, we change our coordinate axes system, just for better understanding. 


Z4 G) y-axis 


1 2 3 


There are three wires 1, 2 and 3 as shown in figure. If we displace the wire 2 towards the z-axis, 
then force of attraction per unit length between wires (1 and 2) and (2 and 3) will be given by 


:2 


The components of F along x-axis will be cancelled out. Net resultant force will be towards 
negative z-axis (or mean position) and will be given by 


.2 
F a =2F cos = ofta | i 


tri|r 
iy d^ 
F 2U0 C 4 r? =z + dê 
net m (22 + d?) ( ) 
If z << d, then 
z +d’ =d’ 


and F 


Negative sign implies that F e is restoring in nature. 
Therefore, Pret * —Z 
i.e. the wire will oscillate simple harmonically. 


Let a be the acceleration of wire in this position and à the mass per unit length of wire, then 


2 
or a=-| #0 5 |Z 
tàd 
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Frequency of oscillation, 
f= 1 
27 \ |displacement 


4 a| 1 i fuo 
2n \iz| 2n d VÀ 


or f = Bu Ans. 
2nd \ TÀ 


acceleration 


© Example 30 Uniform electric and magnetic fields with strength E and B are 
directed along the y-axis. A particle with specific charge q/m leaves the origin in 
the direction of x-axis with an initial velocity vg. Find 
(a) the y-coordinate of the particle when it crosses the y-axis for nth time. 
(b) the angle a between the particle's velocity vector and the y-axis at that moment. 
Solution (a) As discussed in Type-9 path of the particle is a helix of increasing pitch. The 


axis of the helix is parallel to y-axis (parallel to E) and plane of circle of the helix is xz 
(perpendicular to B). The particle will cross the y-axis after time, 


a | 2mmn 
Bq Bq 


t=nT=n[ 


The y-coordinate of particle at this instant is 


where, GSS = 


(b) At this moment y-component of its velocity is 


gE \ ( 2mmn E 
Vy = Ayt = -2nn 
m Bq B 


The angle & between particle's velocity vector and the y-axis at this 


moment is 
alu 
a = tan (=) 
by 


Here, Up = Ue + v) =U 


or a = tan! (=| Ans. 


2nnE 


© Example 31 A current is passing through a cylindrical conductor with a hole 
(or cavity) inside it. Show that the magnetic field inside the hole is uniform and 
find its magnitude and direction. 
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Note 


Solution Let us find the magnetic field at point P inside the cavity at a distance r, from O and 
T from C. 

J = current per unit area 

R= radius of cylinder 

a = radius of cavity 

i, = whole current from cylinder = J (mR?) 

i, = current from hole = J (xa?) 


At point P magnetic field due to i, is B, (perpendicular to OP) and is B, due to i, (perpendicular 
to CP) in the directions shown. Although B, and B, are actually at P, but for better 
understanding they are drawn at O and C respectively. Let B, be the x-component of resultant 
of B, and B, and B, its y-component. Then, 


B, = B, sina — B5sinp 
Ho ty : Ho ty : 
-|——-n|sina - | — —S.r,|sin 
TR? j t a? j f 


2 
üo JnR . Ho ta? 

=| z R -A sina | — on at r,sinB 
Lod 


va d sina — r;sinf) =0 


n 7 


Because in AOPC =h or nsina-rjsinpz-O 


sinB sina 
Now, B, =- (Bj cosa + By cos) 


Hod 
= a (7, cosa + mcosp) o 


From AOPC, we can see that 


n cosa+r,cosB=b or B,=- = constant 


HoJb 
2 


Thus, we can see that net magnetic field at point P is along negative y-direction and constant in 
magnitude. Proved 
(ü That ZOPC is not necessarily 90°. At some point it may be 90°. 
(ii) At point C magnetic field due to i, is zero (i.e. B, 20) while that due to i is aa b in negative 
T 
y-direction. Substituting i, = J (tR°), we get 


B =B, = bye (along negative y-direction) 


This agrees with the result derived above. 
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© Example 32 A particle of charge q and mass m is projected from the origin with 
velocity v = vgl in a non-uniform magnetic field B=— B, xk. Here, Uy and By are 


positive constants of proper dimensions. Find the maximum positive x-coordinate 
of the particle during its motion. 


Solution Magnetic field is along negative z-direction. So in the coordinate axes shown in 
figure, it is perpendicular to paper inwards. (9) Magnetic force on the particle at origin is along 
positive y-direction. So, it will rotate in xy-plane as shown. The path is not a perfect circle as 
the magnetic field is non-uniform. Speed of the particle in magnetic field remains constant. 
Magnetic force is always perpendicular to velocity. Let at point P (x, y) its velocity vector 
makes an angle 0 with positive x-axis. Then, magnetic force E, will be at angle 0 with positive 
y-direction. So, 


Jose 


dv, _ (Box) (qu, cos0) 


[Fn = Bquy sin 90°] 


dt m 
d 
Vy (5 " (Ae teati 
dx dt m 
Here, dx = U, = Ug cosO 
dt 
A (22) 
dx m 


0 _ Bog Xmax 
dv, = (22) k xdx 
2 
EES 
m 2 
ng Ern Ans. 
Boq 


Note At maximum x-displacement velocity is along positive y-direction. 


Exercises 


LEVEL 1 


Assertion and Reason 

Directions : Choose the correct option. 
(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 
(d) If Assertion is false but the Reason is true. 

1. Assertion: Path of a charged particle in uniform magnetic field cannot be a parabola. 
Reason: For parabolic path acceleration should be constant. 

2. Assertion: A beam of protons is moving towards east in vertically upward magnetic field. 
Then, this beam will deflect towards south. 
Reason: Aconstant magnetic force will act on the proton beam. 

3. Assertion: Current in wire-1 is in the direction as shown in figure. The bottom wire is fixed. 


To keep the upper wire stationary, current in 1t should be in opposite direction. 
2 


————————— 


1 
Reason: Under the above condition, equilibrium of upper wire is stable. 


4. Assertion: A current carrying loop is placed in uniform magnetic field as shown in figure. 
Torque in the loop in this case is zero. 


— B 


Reason: Magnetic moment vector of the loop is perpendicular to paper inwards. 


5. Assertion: Force on current carrying loop shown in figure in J| 
magnetic field, B = (Bx) k is along positive x-axis. Here, B, is a positive 
constant. 


Reason: Atorque will also act on the loop. 


6. Assertion: An electron and a proton are accelerated by same 
potential difference and then enter in uniform transverse magnetic 
field. The radii of the two will be different. PX 
Reason: Charges on them are different. 


10. 


11. 
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. Assertion: Acharged particle moves along positive y-axis with constant velocity in uniform 


electric and magnetic fields. If magnetic field 1s acting along positive x-axis, then electric field 
should act along positive z-axis. 
Reason: To keep the charged particle undeviated the relation E= B x v must hold good. 


. Assertion: Power of a magnetic force on a charged particle 1s always zero. 


Reason: Power of electric force on charged particle cannot be zero. 


. Assertion: If a charged particle enters from outside at right angles in uniform magnetic 


field. The maximum time spent in magnetic field may be me 
q 


Reason: It can complete only semi-circle in the magnetic field. 


Assertion: A charged particle enters in a magnetic field B= Bj with velocity v — vgl + vo), 
then minimum speed of charged particle may be uy. 
Reason: A variable acceleration will act on the charged particle. 


Assertion: Acharged particle 1s moving in a circle with constant speed in uniform magnetic 


field. If we increase the speed of particle to twice, its acceleration will become four times. 
2 


Reason: Incircular path of radius R with constant speed v, acceleration is given by = 


Objective Questions 


1. 


The universal property among all substances is 
(a) diamagnetism (b) paramagnetism 
(c) ferromagnetism (d) non-magnetism 


. A charged particle moves in a circular path in a uniform magnetic field. If its speed is reduced, 


then its time period will 


(a) increase (b) decrease 
(c) remain same (d) None of these 


. A straight wire of diameter 0.5 mm carrying a current 2 A is replaced by another wire of 


diameter 1 mm carrying the same current. The strength of magnetic field at a distance 2 m 
away from the centre is 


(a) half of the previous value (b) twice of the previous value 
(c) unchanged (d) quarter of its previous value 


The path of a charged particle moving in a uniform steady magnetic field cannot be a 


(a) straight line (b) circle 

(c) parabola (d) None of these 
. The SI unit of magnetic permeability is 

(a) Wom 7A! (b Wbm' ‘A 

(c) Wom ‘A (d Wbm A? 


. Identify the correct statement about the magnetic field lines. 


(a) These start from the N-pole and terminate on the S-pole 
(b) These lines always form closed loops 

(c) Both (a) and (b) are correct 

(d) Both (a) and (b) are wrong 
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7. 


10. 


11. 


12. 


13. 


14. 


Identify the correct statement related to the direction of magnetic moment of a planar loop. 
(a) It is always perpendicular to the plane of the loop 

(b) It depends on the direction of current 

(c) It is obtained by right hand screw rule 

(d) All of the above 


. A non-planar closed loop of arbitrary shape carrying a current J is placed in uniform magnetic 


field. The force acting on the loop 

(a) is zero only for one orientation of loop in magnetic field 

(b) is zero for two symmetrically located positions of loop in magnetic field 
(c) is zero for all orientations 

(d) is never zero 


. The magnetic dipole moment of current loop is independent of 


(a) number of turns 

(b) area of loop 

(c) current in the loop 

(d) magnetic field in which it is lying 


The acceleration of an electron at a certain moment in a magnetic field B= 2i+ 3j+ 4k is 
a=xitj- k. The value of x is 


(a) 0.5 (b) 1 

(c) 2.5 (d) 1.5 

Match the following and select the correct alternatives given below 
(p) unit of magnetic induction B (q) dimensions of B 
(x) unit of permeability (Uy) (s) dimensions of uo 
(t) dimensions of magnetic moment u) [MLT 7A] 


(v) [MDT ?A71] 

(x) Newton/amp-metre 

(y) Newton/amp? 

(z) [M°L?T°A] 

(a) p-y, q-v, r-x, s-z, t-u (b) p-x, q-r, r-y, s-z, t-v 

(c) p-x, q-v,. r-y, s-u, t-z (d) p-y, q-z, r-x, s-u, t-v 

A closed loop carrying a current J lies in the xz-plane. The loop will experience a force if it is 
placed in a region occupied by uniform magnetic field along 

(a) x-axis (b) y-axis 

(c) z-axis (d) None of these 

A stream of protons and a-particles of equal momenta enter a uniform magnetic field 
perpendicularly. The radii of their orbits are in the ratio 

(a) 1:1 (b) 1:2 

(c) 2:1 (d) 4:1 

A loop of magnetic moment M is placed in the orientation of unstable equilibrium position in a 
uniform magnetic field B. The external work done in rotating it through an angle 0 is 

(a) — MB (1 — cos 0) (b) — MB cos 0 

(c) MB cos 0 (d) MB (1 — cos 0) 


15. 


16. 


17. 


18. 


19. 


20. 


21. 
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A current of 50 A is passed through a straight wire of length 6 cm, then the magnetic induction 
at a point 5 cm from the either end of the wire is (1 gauss = 10 * T) 


(a) 2.5 gauss (b) 1.25 gauss 
(c) 1.5 gauss (d) 3.0 gauss 


The magnetic field due to a current carrying circular loop of radius 3 m at a point on the axis at 
a distance of 4 m from the centre is 54 uT. What will be its value at the centre of the loop? 

(a) 250 uT (b) 150 uT 

(c) 125 uT (d) 75uT 

A conductor ab of arbitrary shape carries current I flowing from 6 to a. The length vector ab is 
oriented from ato b. The force F experienced by this conductor in a uniform magnetic field Bis 
(a) F =- I(ab x B) (b) F-I(Bxab) 

(c) F = I(ba x B) (d) All of these 


When an electron is accelerated through a potential difference V, it experiences a force F 
through a uniform transverse magnetic field. If the potential difference is increased to 2 V, the 
force experienced by the electron in the same magnetic field 1s 

(a) 2F (b) 2/2F 

(©) J2F (d) 4F 


Two long straight wires, each carrying a current I in opposite directions are separated by a 
distance R. The magnetic induction at a point mid-way between the wires is 


(a) zero (b) m 
2uol Mol 
SET. d) fon 

© TR () 4nR 


The magnetic field at a distance x on the axis of a circular coil of radius R is ath of that at the 


centre. The value of x is 


R 2R 
(a) 48 (b) B 
© RV3 (d) RV2 


Electric field and magnetic field in a region of space is given by E = Ej and B- Bij. A particle 
of specific charge a is released from origin with velocity v = voi. Then, path of particle 

(a) is acircle 

(b) is a helix with uniform pitch 

(c) is a helix with non-uniform pitch 

(d) is cycloid 


Note Ep, By and v, are constant values. 


22. 


An electron having kinetic energy K is moving in a circular orbit of radius R perpendicular to a 
uniform magnetic induction. If kinetic energy is doubled and magnetic induction tripled, the 
radius will become 

ds 


2R 2 
(a) E (b) rx 


2 2 
(c) Er (d) a 
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23. Four long straight wires are located at the corners of a square ABCD. All the wires carry equal 
currents. Current in the wires A and B are inwards and in C and D are outwards. The 
magnetic field at the centre O is along 


BG 


(a) AD (b) CB 
(c) AB (d) CD 


24. A charged particle of mass m and charge q is accelerated through a potential difference of 
V volts. It enters a region of uniform magnetic field B which 1s directed perpendicular to the 
direction of motion of the particle. The particle will move on a circular path of radius 


Vm 2Vm 2Vm (1 Vm (1 
©) agp? O ag e PT e PT 5 


25. The straight wire AB carries a current J. The ends of the wire subtend angles 0, and 0, at the 
point P as shown in figure. The magnetic field at the point P 1s 


(ay Pol Ging, oin) (b) Ho! (sine, + sine;) 
41a 41a 


(c) Hol (cos 8, — cos 09) (d) Hol (cos 8, + cos 05) 
Ana Anta 


26. The figure shows three identical current carrying square loops A, B and C. Identify the correct 
statement related to magnetic field Bat the centre O of the square loop. Current in each wire 


is I. 
| | | 
1 4 1 4 1 4 
A B C 


(a) B is zero in all cases (b) Bis zero only in case of C 
(c) B 1s non-zero in all cases (d) Bis non-zero only in case of B 


27. 


28. 


29. 


30. 


31. 


32. 
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The figure shows a long straight wire carrying a current J, along the axis of a 

circular ring carrying a current J,. Identify the correct statement. h 
(a) Straight wire attracts the ring 

(b) Straight wire attracts a small element of the ring 

(c) Straight wire does not attract any small element of the ring 
(d) None of the above 


The figure shows a wire frame in xy-plane carrying a current J. The y 
magnetic field at the point O 1s 


Io 


i: zc iji 
TE 
op l 
orp- 


An electron moving in a circular orbit of radius R with frequency f. The magnetic field at the 
centre of the orbit is 


Uoef Hoef 
—— b 
€) oak ud 
2 
(c) eE (d) zero 
A square loop of side a carries a current J. The magnetic field at the centre of the loop is 
2usI/2 142 
(a) pel ad aah (b) Hoiva 
na Ta 
CEU (ay Bol 
na Ta 


The figure shows the cross-section of two long coaxial tubes carrying equal 
currents I in opposite directions. If B, and B, are magnetic fields at points 1 
and 2 as shown in figure, then 

(a) B, #0; B, =0 (b) B, =0;B, =0 


(c) B, #0;B, #0 (d) B, 20, B, #0 


The figure shows a point P on the axis of a circular loop carrying current I. The correct direction 
of magnetic field vector at P due to dlis represented by 


(a) 1 (b) 2 
(c) 3 (d) 4 
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33. In figure, the curved part represents arc of a circle of radius x. If it carries a current I, then the 
magnetic field at the point O 1s 


I 
"POBRE 
X X 
(a) m (b) Em (c) (d) j 


34. A cylindrical long wire of radius R carries a current I uniformly distributed over the 
cross-sectional area of the wire. The magnetic field at a distance x from the surface inside the 


wire is 
Mol Mol Mol 
M a Hot - Hor. d) None of th 
@) TR 0 ot © RED eer 


35. A circular loop carrying a current J is placed in the xy-plane as shown in figure. A uniform 
magnetic field Bis oriented along the positive z-axis. The loop tends to 


ay 


(a) expand (b) contract (c) rotate about x-axis (d) rotate about y-axis 
Subjective Questions 
Note You can take approximations in the answers. 


1. An electron has velocity v = (2.0 x 10° m/s)i+ (3.0 x 10° m/s) j. Magnetic field present in the 

region is B = (0.030 T)i - (0.15 T) j. 
(a) Find the force on electron. 
(b) Repeat your calculation for a proton having the same velocity. 

2. An electron moves through a uniform magnetic field given by B= Bá (3B )j Ata particular 
instant, the electron has the velocity v = (2.0 i + 4.0j) m/s and the magnetic force acting on it is 
(6.4x 10°!" N) k Find B.. 

3. A particle with charge 7.80uC is moving with velocity v = — (3.80 x 10° m/s) j. The magnetic 
force on the particle is measured to be F = + (7.60 x 10? N)i- (5.20 x 10? N) k 


(a) Calculate the components of the magnetic field you can find from this information. 


(b) Are the components of the magnetic field that are not determined by the measurement of the 
force? Explain. 


(c) Calculate the scalar product B- F. What is the angle between B and F ? 


10. 
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. Each of the lettered points at the corners of the cube in figure represents a positive charge q 


moving with a velocity of magnitude v in the direction indicated. The region in the figure is ina 
uniform magnetic field B, parallel to the x-axis and directed toward the right. Find the 
magnitude and direction of the force on each charge. 


. An electron in the beam of a TV picture tube is accelerated by a potential difference of 2.00 kV. 


Then, it passes through region of transverse magnetic field, where it moves in a circular arc 
with radius 0.180 m. What 1s the magnitude of the field? 


. A deuteron (the nucleus of an isotope of hydrogen) has a mass of 3.34 x 10” kg and a charge of 


+e. The deuteron travels in a circular path with a radius of 6.96 mm in a magnetic field with 
magnitude 2.50 T. 


(a) Find the speed of the deuteron. 
(b) Find the time required for it to make half of a revolution. 


(c) Through what potential difference would the deuteron have to be accelerated to acquire this 
speed? 


. A neutral particle is at rest in a uniform magnetic field B. At time £ = 0, it decays into two 


charged particles, each of mass m. 
(a) If the charge of one of the particles is +g, what is the charge of the other? 


(b) The two particles move off in separate paths, both of them lie in the plane perpendicular to B. At a 
later time, the particles collide. Express the time from decay until collision in terms of m, B and q. 


. An electron at point A in figure has a speed v, = 1.41 x 10° m/s. Find 


Vo4 


(a) the magnitude and direction of the magnetic field that will cause the electron to follow the 
semicircular path from A to B, 


(b) the time required for the electron to move from A to B. 


. A proton of charge e and mass m enters a uniform magnetic field B= B i with an initial velocity 


v — Ul v,j. Find an expression in unit vector notation for its velocity at time t. 


A proton moves at a constant velocity of 50 m/s along the x-axis, in uniform electric and 
magnetic fields. The magnetic field is B = (2.0 mT)j. What is the electric field? 
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11. 


12. 


13. 


14. 


15. 


A particle having mass m and charge q is released from the origin in a region in which electric 
field and magnetic field are given by . 

B=-Bj and E= Mk 
Find the y-component of the velocity and the speed of the particle as a function of its 
z-coordinate. 


Protons move rectilinearly in the region of space where there are uniform mutually 
perpendicular electric and magnetic fields E and B. The trajectory of protons lies in the plane 
xz as shown in the figure and forms an angle 0 with x-axis. Find the pitch of the helical 
trajectory along which the protons will move after the electric field is switched off. 


A wire of 62.0 cm length and 13.0 g mass is suspended by a pair of flexible leads in a uniform 
magnetic field of magnitude 0.440 T in figure. What are the magnitude and direction of the 
current required to remove the tension in the supporting leads? Take g = 10 m/s’. 


A thin, 50.0 cm long metal bar with mass 750 g rests on, but is not attached to, two metallic 
supports in a 0.450 T magnetic field as shown in figure. A battery and a resistance R = 25.0 Q 
in series are connected to the supports. 


(a) What is the largest voltage the battery can have without breaking the circuit at the supports? 


(b) The battery voltage has this maximum value calculated. Decreasing the resistance to 2.0 Q , find 
the initial acceleration of the bar. 


In figure, the cube is 40.0 cm on each edge. Four straight segments of 
wire ab, bc, cd and da form a closed loop that carries a current J = 5.00 A, 
in the direction shown. A uniform magnetic field of magnitude 
B= 0.020 T is in the positive y-direction. Determine the magnitude and 
direction of the magnetic force on each segment. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 
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Find the ratio of magnetic dipole moment and magnetic field at the centre of a disc. Radius of 
disc is R and it is rotating at constant angular speed œ about its axis. The disc is insulating and 
uniformly charged. 


A magnetic dipole with a dipole moment of magnitude 0.020 J/T is released from rest in a 
uniform magnetic field of magnitude 52 mT. The rotation of the dipole due to the magnetic 
force on it is unimpeded. When the dipole rotates through the orientations where its dipole 
moment is aligned with the magnetic field, its kinetic energy is 0.80 mJ. 

(a) What is the initial angle between the dipole moment and the magnetic field? 

(b) What is the angle when the dipole is next (momentarily) at rest? 

In the Bohr model of the hydrogen atom, in the lowest energy state the electron revolves round 
the proton at a speed of 2.2 x 10° m/sin a circular orbit of radius 5.3 x 10 !! m. 

(a) What is the orbital period of the electron? 

(b) If the orbiting electron is considered to be a current loop, what is the current 7? 

(c) What is the magnetic moment of the atom due to the motion of the electron? 


A conductor carries a constant current J along the closed path abcdefgha involving 8 of the 
12 edges each of length /. Find the magnetic dipole moment of the closed path. 


y. 


Given figure shows a coil bent with all edges of length 1 m and carrying a current of 1 A. There 
exists in space a uniform magnetic field of 2 T in positive y-direction. Find the torque on 
the loop. 


ZA 


x —B 


A very long wire carrying a current I = 5.0 A is bent at right angles. Find the magnetic 
induction at a point lying on a perpendicular normal to the plane of the wire drawn through the 
point of bending at a distance l = 35 cm from it. 


A current I = V2 A flows in a circuit having the shape of isosceles trapezium. The ratio of the 
bases of the trapezium is 2. Find the magnetic induction B at symmetric point O in the plane of 
the trapezium. The length of the smaller base of the trapezium is 100 mm and the distance 
r = 50mm. 
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23. 


24. 


25. 


26. 


27. 


28. 


29. 


Two long mutually perpendicular conductors carrying currents J, and I, lie in one plane. Find 
the locus of points at which the magnetic induction 1s zero. 
h 
y 


X 


A wire carrying current i has the configuration as shown in figure. Two 77 NSS 
semi-infinite straight sections, both tangent to the same circle, are / R Je 
connected by a circular arc of central angle 0, along the circumference of * 1 
the circle, with all sections lying in the same plane. What must0befor B *s~--- 
to be zero at the centre of the circle? 


Two long parallel transmission lines 40.0 cm apart carry 25.0 A and 75.0 A currents. Find all 
locations where the net magnetic field of the two wires 1s zero if these currents are in 
(a) the same direction (b) the opposite direction 


A closely wound coil has a radius of 6.00 cm and carries a current of 2.50 A. How many turns 
must it have if, at a point on the coil axis 6.00 cm from the centre of the coil, the magnetic field 
is 6.39 x 10 * T? 


A circular loop of radius R carries current J, in a clockwise direction as shown in figure. The 
centre of the loop is a distance D above a long, straight wire. What are the magnitude and 
direction of the current J, in the wire if the magnetic field at the centre of loop is zero? 

Io 


I 


A closely wound, circular coil with radius 2.40 cm has 800 turns. 
(a) What must the current in the coil be if the magnetic field at the centre of the coil is 0.0580 T? 


(b) At what distance xfrom the centre of the coil, on the axis of the coil, is the magnetic field half its 
value at the centre? 


Four very long, current carrying wires in the same plane intersect to form a square 40.0 cm on 
each side as shown in figure. Find the magnitude and direction of the current J so that the 
magnetic field at the centre of square is zero. Wires are insulated from each other. 


10.0A] |: 


| 


30. 


31. 


32. 


33. 


34. 
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A circular loop of radius R is bent along a diameter and given a shape as shown in figure. One of 
the semicircles (KNM) lies in the xz-plane and the other one (KLM) in the yz-plane with their 
centres at origin. Current I is flowing through each of the semicircles as shown in figure. 

H y 


(a) A particle of charge q is released at the origin with a velocity v =- voi. Find the instantaneous 
force F on the particle. Assume that space is gravity free. 

(b) If an external uniform magnetic field Boi is applied, determine the force F, and F, on the 
semicircles KLM and KNM due to the field and the net force F on the loop. 


A regular polygon of n sides is formed by bending a wire of total length 2mr which carries a 
current 1. 

(a) Find the magnetic field B at the centre of the polygon. 

(b) By letting n — ©, deduce the expression for the magnetic field at the centre of a circular coil. 
A long cylindrical conductor of radius a has two cylindrical cavities of diameter a through its 
entire length as shown in cross-section in figure. A current J is directed out of the page and is 


uniform throughout the cross-section of the conductor. Find the magnitude and direction of the 
magnetic field in terms of uy, Z,r and a. 


sd ge es d raid e S Pi 
av 


(a) at point P, and (b) at point P, 
Two infinite plates shown in cross-section in figure carry à amperes of current out of the page 
per unit width of plate. Find the magnetic field at points P and Q. 


€ e o 0 0 0 0 0 0o o o o o @ 
ep 


eQ 


For the situation shown in figure, find the force experienced by side MN of the rectangular 
loop. Also, find the torque on the loop. 
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35. 


36. 


37. 


38. 


39. 


40. 


In a region of space, a uniform magnetic field B 1s along positive x-axis. Electrons are emitted 


from the origin with speed v at different angles. Show that the paraxial electrons are refocused 
mu 


; : 20 : : 
on the x-axis at a distance . Here, m is the mass of electron and e the charge on it. 


e 


A particle of mass m and charge q is projected into a region having a perpendicular magnetic 
field B. Find the angle of deviation of the particle as it comes out of the magnetic field if the 
width of the region is 


(a) = (b) ES (c) 


mu 
2 Bq 


In a certain region, uniform electric field E = — Ek and magnetic field B = Bk are present. At 
time t = 0, a particle of mass m and charge q is given a velocity v = vj) + vok. Find the minimum 
speed of the particle and the time when it happens so. 


z | be 


>X 


A particle of mass m and charge q is lying at the origin in a uniform magnetic field B directed 
along x-axis. At time t = 0, it is given a velocity v, at an angle 9 with the y-axis in the xy-plane. 
Find the coordinates of the particle after one revolution. 


Find the magnetic moment of the current carrying loop OABCO shown in figure. 


Given that, i = 4.0 A, OA=20cm and AB=10cm. 


A rectangular loop consists of N =100 closed wrapped turns and has dimensions 
(0.4 m x 0.3 m). The loop is hinged along the y-axis and its plane makes an angle 0 = 30? with 
the x-axis. What is the magnitude of the torque exerted on the loop by a uniform magnetic field 
B= 0.8 T directed along the x-axis when current is i = 1.2 Ain the direction shown. What is the 
expected direction of rotation of the loop? 
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41. Four long, parallel conductors carry equal currents of 5.0 A. The direction of the currents is 
into the page at points A and Band out of the page at C and D. Calculate the magnitude and 
direction of the magnetic field at point P, located at the centre of the square. 


AQ --------- oc 
|o P 02m 
Beo co D 


42. A long cylindrical conductor of radius R carries a current i as shown in figure. The current 
density J is a function of radius according to, J = br, where bis a constant. Find an expression 
for the magnetic field 5 


(a) at a distance 7, « Rand 
(b) at a distance r, > R, measured from the axis. 


LEVEL 2 


Single Correct Option 
1. A uniform current carrying ring of mass m and radius R is connected by a massless string as 
shown. A uniform magnetic field B, exists in the region to keep the ring in horizontal position, 
then the current in the ring is 


— Bo 
mg mg mg mg 
a c d 
(a) xRB, e RB, ©) 31RB, i: xR?B, 


2. A wire of mass 100 g is carrying a current of 2A towards increasing x in the form of 
y=x"(-2m<x<+2m). This wire is placed in a magnetic field B =- 0.02 k tesla. The 
acceleration of the wire (in m/s?) is 
(a) -1.6j (b) -3.2j (c) 1.6j (d) zero 

3. A conductor of length / is placed perpendicular to a horizontal uniform magnetic field B. 
Suddenly, a certain amount of charge is passed through it, when it is found to jump to a height 
h. The amount of charge that passes through the conductor is 


m4 gh my gh 

(a) E i s 

Bl 2B 
m42gh 


(c) (d) None of these 


Bl 
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4. 


. The segment AB of wire carrying current J, is placed perpendicular to a long i 


A solid conducting sphere of radius R and total charge q rotates about its diametric axis with 
constant angular speed œ. The magnetic moment of the sphere is 


(a) i qR% (b) = qR% (c) : qR% (d) : qR% 


. A charged particle moving along positive x-direction with a velocity v enters a region where 


there is a uniform magnetic field B= — B k, from x = 0to x = d. The particle gets deflected at an 
angle 0 from its initial path. The specific charge of the particle is 


Bd vtanO 
b 
(a) vcosO ©) Bd 
Bsin0 usin 0 
d 
(c) od (d) Bd 


. Acurrent carrying rod ABis placed perpendicular to an infinitely long current carrying wire as 


shown in figure. The point at which the conductor should be hinged so that 1t will not rotate 
(AC = CB) 


(a) A (b) somewhere between Band C 
(c) C (d) somewhere between A and C 


straight wire carrying current I, as shown in figure. The magnitude of force 
experienced by the straight wire ABis 


Molle bolts I» 
———* |n 3 ———* n2 I 
(a) 2x 7 (b) 2T n A —B 
Zug, PE 2a 
a d a 
(c) “2 (d) E 


. A straight long conductor carries current along the positive x-axis. Identify the correct 


statement related to the four points A(a, a, 0), B(a,0,a), C(a,— a, 0) and D(a, 0,- a). 
(a) The magnitude of magnetic field at all points is same 

(b) Fields at A and B are mutually perpendicular 

(c) Fields at A and C are antiparallel 

(d) All of the above 


. The figure shows two coaxial circular loops 1 and 2, which forms same solid angle90 at point O. If 


B, and B, arethe magnetic fields produced at the point O due to loop 1 and 2 respectively, then 


10. 


11. 


12. 


13. 
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In the figure shown, a charge q moving with a velocity v along the x-axis enter into a region of 
uniform magnetic field. The minimum value of v so that the charge q is able to enter the region 
x>b 


Bb Ba 
(a) — o) = 

m m 

B(b -a B(b+a 
Ce (b - a) (à) 4 ( ) 

m 2m 

An insulating rod of length / carries a charge q uniformly distributed on it. The rod 1s pivoted at 
one of its ends and 1s rotated at a frequency f about a fixed perpendicular axis. The magnetic 
moment of the rod 1s 


naf? nofl? 
(a) 12 (b) ES 

nafl nafl 
(c) 6 (d) 3 


A wire carrying a current of 3 A is bent in the form of a parabola y? = 4 — x as shown in figure, 
where x and y are in metre. The wire is placed in a uniform magnetic field B= 5k tesla. The 
force acting on the wire is 


y(m) 
* e e 
Öp- >x (m) 
e e 
e e e 
(a) 60i N (b) - 60i N 
(c) 30i N (d) -30i N 
An equilateral triangle frame PQR of mass M and side a is kept under" p 


the influence of magnetic force due to inward perpendicular magnetic 
field B and gravitational field as shown in the figure. The magnitude X... 
and direction of current in the frame so that the frame remains at 43 " 
rest, is 4 


(a) I= 2Mg. anti-clockwise (b) I= 2Mg. clockwise 
aB aB 


(c) I= Ms. anti-clockwise (d) I= Ms. clockwise 
aB aB 
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14. 


15. 


16. 


17. 


18. 


A tightly wound long solenoid has n turns per unit length, radius r and carries a current i. A 
particle having charge q and mass m is projected from a point on the axis in the direction 
perpendicular to the axis. The maximum speed for which particle does not strike the solenoid 
will be 


rni Mogrni 
(c) Zeami (d) None of these 
m 


If the acceleration and velocity of a charged particle moving in a constant magnetic region is 
given by a = aji + a;k, v = bi + bk. [a], a5, b; and b, are constants], then choose the wrong 
statement. 

(a) Magnetic field may be along y-axis 

(b) a,b, + agba =0 

(c) Magnetic field is along x-axis 

(d) Kinetic energy of particle is always constant 


A simple pendulum with a charged bob is oscillating as shown in the figure. Time period of 
oscillation is T and angular amplitude is 0. If a uniform magnetic field perpendicular to the 
plane of oscillation is switched on, then 


[N eB 


(a) T will decrease but 0 will remain constant (b) T will remain constant but 0 will decrease 
(c) Both T' and 0 will remain the same (d) Both T' and 0 will decrease 


Magnetic field in a region is given by B= Byxk. Two loops each of side a is placed in this 
magnetic region in the xy-plane with one of its sides on x-axis. If F is the force on loop 1 and F, 
be the force on loop 2, then 


(a) F, 2 F,-0 (b) F > PF; 
(c) Fy >F (d F =F,+0 


Consider a coaxial cable which consists of an inner wire of radius a surrounded by an outer shell 
of inner and outer radii b and c, respectively. The inner wire carries a current / and outer shell 
carries an equal and opposite current. The magnetic field at a distance x from the axis where 
b«x«cis 


uoI(c? - b’) uol (c^ - x?) 
2nx(c? — a?) 2nx(c? — a?) 
(c) uale uii (d) zero 


2nx(c? — b?) 


19. 


20. 


21. 


22. 


23. 


24. 


Chapter 26 Magnetics © 443 


A particle of mass 1x 10° kg and charge +1.6x 10° C travelling with a velocity of 
1.28 x 10° m/s along positive direction of x-axis enters a region in which a uniform electric field 
Eand a uniform magnetic field B are present such that 

E,--1024kV/m and B,-8x10? Wb/m? 


The particle enters this region at origin at time t = 0. Then, 

(a) net force acts on the particle along the +ve z-direction 

(b) net force acts on the particle along —ve z-direction 

(c) net force acting on particle is zero 

(d) net force acts in xz-plane 

A wire lying along y-axis from y = 0 to y 2 1 m carries a current of 2 mA in the negative 


y-direction. The wire lies in a non-uniform magnetic field given by B= (0.3 T/m) yl 
+ (0.4 Tm) yj. The magnetic force on the entire wire is 


(a) -3x 10 4j N (b) 6x10?k N 

(c) -3x10 4k N (d) 3x107K N 

A particle having a charge of 20uC and mass 20 ug moves along a circle of * * X * * X 
radius 5 cm under the action of a magnetic field B= 0.1 tesla. When the x x x 
particle is at P, uniform transverse electric field is switched on and it is " n 
found that the particle continues along the tangent with a uniform P 
velocity. Find the electric field x x x 
(a) 2 V/m (b) 0.5 V/m X X X X X x 


(c) 5 V/m (d) 1.5 V/m 


Two circular coils A and B of radius Es cm and 5 cm carry currents 5 A and 542 A, 


42 
respectively. The plane of B is perpendicular to plane of A and their centres coincide. 
Magnetic field at the centre is 
(a) 0 (b) 4nV2 x 10° T (c) 4n x 10? T (d) 2142 x10? T 
A charged particle with specific charge s moves undeflected through a region of space 
containing mutually perpendicular and uniform electric and magnetic fields E and B. When 


the electric field 1s switched off, the particle will move in a circular path of radius 


E Es Es E 
(a) e (b) E^ (ce) — (d) Bs 


Two long parallel conductors are carrying currents in the same direction as shown in the 
figure. The upper conductor (A) carrying a current of 100 Ais held firmly in position. The lower 
conductor (B) carries a current of 50 A and free to move up and down. The linear mass density 
of the lower conductor is 0.01 kg/m. 


100A 
A - 
B < 
50A 


(a) Conductor B will be in equilibrium if the distance between the conductors is 0.1 m 
(b) Equilibrium of conductor B is unstable 

(c) Both (a) and (b) are wrong 

(d) Both (a) and (b) are correct 
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25. 


26. 


2T. 


Equal currents are flowing in three infinitely long wires along positive x, y and z-directions. 
The magnetic field at a point (0, 0, — a) would be (i = current in each wire) 


(a) So" Gi) (p E9* d -j) 
2na 2na 
() Et d (a) So ci -j 
2na 2na 
In the figure, the force on the wire ABC'in the given uniform magnetic field will be (B = 2 tesla) 
C 


(a) 48 +27) N (b) 20N 
(c) 30 N (d) 40 N 
A uniformly charged ring of radius R is rotated about its axis with constant linear speed v of 


each of its particles. The ratio of electric field to magnetic field at a point P on the azis of the 
ring distant x = R from centre of ring is (c is speed of light) 


ce 


(a) — 
U 


U 


(c) = 
C 


More than One Correct Options 


1: 


Two circular coils of radii 5 cm and 10 cm carry currents of 2 A. The coils have 50 and 100 turns 
respectively and are placed in such a way that their planes as well as their centres coincide. 
Magnitude of magnetic field at the common centre of coils is 

(a) 8x x 107* T if currents in the coils are in same sense 

(b) 4x x 10 * T if currents in the coils are in opposite sense 

(c) zero if currents in the coils are in opposite sense 

(d) 8x x10“ T if currents in the coils are in opposite sense 


. A charged particle enters into a gravity free space occupied by an electric field Eand magnetic 


field B and it comes out without any change in velocity. Then, the possible cases may be 
(a) E=Oand BzO (b E#0and B=0 
(c) E#0and B#0 (d E=0, B=0 
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. A charged particle of unit mass and unit charge moves with velocity v = (8i + 6j) m/s in a 
magnetic field of B= 2k T. Choose the correct alternative (s). 

(a) The path of the particle may be x? 5? 4x -21-0 

(b) The path of the particle may be x? + y? 2 25 

(c) The path of the particle may be y?+ 2? - 25 

(d) The time period of the particle will be 3.14 s 


. When a current carrying coll is placed in a uniform magnetic field with its magnetic moment 
anti-parallel to the field, then 

(a) torque on it is maximum 

(b) torque on it is zero 

(c) potential energy is maximum 

(d) dipole is in unstable equilibrium 


. If a long cylindrical conductor carries a steady current parallel to its length, then 
(a) the electric field along the axis is zero 

(b) the magnetic field along the axis is zero 

(c) the magnetic field outside the conductor is zero 

(d) the electric field outside the conductor is zero 


. An infinitely long straight wire is carrying a current /,. Adjacent to it there is another 
equilateral triangular wire having current I». Choose the wrong options. 


b 
h E 
a C 
(a) Net force on loop is leftwards (b) Net force on loop is rightwards 
(c) Net force on loop is upwards (d) Net force on loop is downwards 
. A charged particle is moving along positive y-axis in uniform electric and magnetic fields 
E= Ek 
and B- Bj 


Here, E, and B, are positive constants. Choose the correct options. 
(a) particle may be deflected towards positive z-axis 

(b) particle may be deflected towards negative z-axis 

(c) particle may pass undeflected 

(d) kinetic energy of particle may remain constant 


. À charged particle revolves in circular path in uniform magnetic field after accelerating by a 
potential difference of V volts. Choose the correct options 1f V 1s doubled. 

(a) kinetic energy of particle will become two times 

(b) radius in circular path will become two times 

(c) radius in circular path will become 42 times 

(d) angular velocity will remain unchanged 


446 * Electricity and Magnetism 


9. 


10. 


abcd is a square. There is a current I in wire efg as shown. Deos E c 
Choose the correct options. 

(a) Net magnetic field at a is inwards 
(b) Net magnetic field at b is zero 

(c) Net magnetic field at cis outwards 
(d) Net magnetic field at d is inwards gt-----b-----! d 


There are two wires aband cd in a vertical plane as shown in figure. Direction of current in 
wire abis rightwards. Choose the correct options. 
c ———————————— d 


a ———————————— b 
h 
(a) If wire ab is fixed, then wire cd can be kept in equilibrium by the current in cd in leftward 
direction 
(b) Equilibrium of wire cd will be stable equilibrium 


(c) If wire cd is fixed, then wire ab can be kept in equilibrium by flowing current in cd in rightward 
direction 


(d) Equilibrium of wire ab will be stable equilibrium 


Match the Columns 


1. 


2. 


An electron is moving towards positive x-direction. Match the following two columns for 
deflection of electron just after the fields are switched on. (Ej and B, are positive constants) 


Column I Column II 
(a) If magnetic field B= Boi is switched on | (p) Negative y-axis 
(b) If magnetic field B= Bok is switched on | (q) Positive y-axis 


(c) If magnetic field B= Boi and electric (r) Negative z-axis 
field E = Ejj is switched on 


(d) If electric field E = E ok is switched on | (s) Positive z-axis 


Four charged particles, (~q, m), (-3q, 4m), (+q, m) and (+ 2q, m) enter in uniform magnetic field 
(in inward direction) with same kinetic energy as shown in figure. Inside the magnetic field 
their paths are shown. Match the following two columns. 


Column I Column II 


(a) Particle (-q, m) (p) w 
(b) Particle (-3q,4m) | (q) x 


(c) Particle (+q, m) (r) y 
(d) Particle (+ 2q, m) (s) z 
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3. In Column I, a current carrying loop and a uniform magnetic field are shown. Match this with 


Column II. 
Column I Column II 
B 
(a) ors (p) Force =0 
(b) Cc > -B | (q) Maximum torque 
(c) (r) Minimum potential 
energy 
B 
B 
(d) (s) Positive potential 
energy 
4. Equal currents are flowing in two infinitely long wires lying along y 


xand yaxes in the directions shown in figure. Match the 
following two columns. 


Column I 


(a) Magnetic field at (a, a) (p) 
(b) Magnetic field at (-a, —a) | (q) 
(c Magnetic field at (a, —a) | (r) 
(d) Magnetic field at (—a, a) (s) 


Column II O x 


along positive y-axis 
along positive z-axis 
along negative z-axis 


zero 


5. Equal currents are flowing in four infinitely long wires. Distance between two wires is same 
and directions of currents are shown in figure. Match the following two columns. 


1 2 3 4 
Column I Column II 
(a) Force on wire-1 (p) inwards 
(b) Force on wire-2 (q) leftwards 
(c) Force on wire-3 (x) rightwards 


(d) Force on wire-4 


(s) zero 
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6. A square loop of uniform conducting wire is as shown in figure. A current I (in ampere) enters 
the loop from one end and exits the loop from opposite end as shown in figure. 

y, 

i I/2 


12 


1 


The length of one side of square loop 1s / metre. The wire has uniform cross-section area and 
uniform linear mass density. 


Column | Column II 
(a) B= Boi in tesla (p) magnitude of net force on loop is V2Boll 
n newton 
(b) B= Bjjin tesla (q) magnitude of net force on loop is zero 
(c) B- B, (i + p in tesla |(r) magnitude of force on loop is 2 Boll 
(d B= Bok in tesla (s) magnitude of net force on loop is Boll 
newton 


Subjective Questions 


1. An equilateral triangular frame with side a carrying a current J is placed at a distance a from 
an infinitely long straight wire carrying a current J as shown in the figure. One side of the 
frame is parallel to the wire. The whole system lies in the xy-plane. Find the magnetic force F 
acting on the frame. 


. 
i 
1 RENNES. 
2 1 
I 14 3 
1 I 
a — 


2. Find an expression for the magnetic dipole moment and magnetic field induction at the centre 
of a Bohr's hypothetical hydrogen atom in the nth orbit of the electron in terms of universal 
constants. 


3. A square loop of side 6 cm carries a current of 30 A. Calculate the magnitude of magnetic field 
B at a point P lying on the axis of the loop and a distance V7 cm from centre of the loop. 


4. A positively charged particle of charge 1 C and mass 40 g, is revolving along a circle of radius 
40 cm with velocity 5 m/s in a uniform magnetic field with centre at origin O in xy-plane. At 
t= 0, the particle was at (0, 0.4 m,0) and velocity was directed along positive x-direction. 
Another particle having charge 1 C and mass 10 g moving uniformly parallel to z-direction 


with velocity Es m/s collides with revolving particle at t = 0 and gets stuck with it. Neglecting 
T 


gravitational force and colombians force, calculate x, y and z-coordinates of the combined 


. x 
particle at t = — sec. 
40 
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5. A proton beam passes without deviation through a region of space where there are uniform 
transverse mutually perpendicular electric and magnetic fields with E =120— and 
m 
B= 50 mT. Then, the beam strikes a grounded target. Find the force imparted by the beam on 
the target if the beam current is equal to J = 0.80 mA. 


6. A positively charged particle having charge q is accelerated by a y 
potential difference V. This particle moving along the x-axis enters a 
region where an electric field E exists. The direction of the electric (E B 
field 1s along positive y-axis. The electric field exists in the region q 1 il 
bounded by the lines x = Oand x = a. Beyond the line x = a (i.e. in the m O x-a 
region x 2 a) there exists a magnetic field of strength B, directed 
along the positive y-axis. Find 


>X 


(a) at which point does the particle meet the line x= a 
(b) the pitch of the helix formed after the particle enters the region x 2 a. Mass of the particle is m. 


7. A charged particle having charge 10 ? C and mass of 10 1? kg is fired from the middle of the 
plate making an angle 30° with plane of the plate. Length of the plate is 0.17 m and it is 
separated by 0.1 m. Electric field E = 10 ? N/C is present between the plates. Just outside the 
plates magnetic field is present. Find the velocity of projection of charged particle and 
magnitude of the magnetic field perpendicular to the plane of the figure, if it has to graze the 
plate at C and A parallel to the surface of the plate. (Neglect gravity) 


8. A uniform constant magnetic field B is directed at an angle of 45? to the x-axis in xy-plane. 
PQRS is a rigid square wire frame carrying a steady current Jp, with its centre at the origin O. 
At time £ = 0, the frame is at rest in the position shown in the figure with its sides parallel to x 
and y-axis. Each side of the frame has mass M and length L. 


YA 


I 

ge 
yt o 

(a) What is the magnitude of torque t acting on the frame due to the magnetic field? 

(b) Find the angle by which the frame rotates under the action of this torque in a short interval of 


time At, and the axis about which the rotation occurs (At is so short that any variation in the 
torque during this interval may be neglected). Given: The moment of inertia of the frame 


i ; s ; .4 
about an axis through its centre perpendicular to its plane is 3 MP. 


450 * Electricity and Magnetism 


9. Aring of radius R having uniformly distributed charge Q is mounted on a rod suspended by two 


10. 


11. 


12. 


identical strings. The tension in strings in equilibrium is Ty. Now, a vertical magnetic field is 
switched on and ring is rotated at constant angular velocity œ. Find the maximum value of œ 


with which the ring can be rotated if the strings can withstand a maximum tension of i 


| | [| fe 


Figure shows a cross-section of a long ribbon of width o that is carrying a uniformly distributed 
total current i into the page. Calculate the magnitude and direction of the magnetic field Bata 
point P in the plane of the ribbon at a distance d from its edge. 


P 
e KO MO ME OO OE ee OK 
kK d =- oO >| 


A particle of mass m having a charge q enters into a circular region of radius R with velocity v 
directed towards the centre. The strength of magnetic field is B. Find the deviation in the path 
of the particle. 


A thin, uniform rod with negligible mass and length 0.2 m is attached to the floor by a 
frictionless hinge at point P. A horizontal spring with force constant k = 4.80 N/m connects the 
other end of the rod with a vertical wall. The rod is in a uniform magnetic field B= 0.340 T 
directed into the plane of the figure. There is current J = 6.50 A in the rod, in the direction 
shown. 
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(a) Calculate the torque due to the magnetic force on the rod, for an axis at P. Is it correct to take the 
total magnetic force to act at the centre of gravity of the rod when calculating the torque? 

(b) When the rod is in equilibrium and makes an angle of 53.0? with the floor, is the spring stretched 
or compressed? 

(c) How much energy is stored in the spring when the rod is in equilibrium? 


13. A rectangular loop PQRS made from a uniform wire has length a, width b and mass m. It is free 
to rotate about the arm PQ, which remains hinged along a horizontal line taken as the y-axis 
(see figure). Take the vertically upward direction as the z-axis. A uniform magnetic field 
B= (31+ 4 k)B, exists in the region. The loop is held in the xy-plane and a current / is passed 
through it. The loop is now released and is found to stay in the horizontal position in 
equilibrium. 


(a) What is the direction of the current J in PQ? 
(b) Find the magnetic force on the arm RS. 
(c) Find the expression for Jin terms of B,, a, b and m. 


Answers 


Introductory Exercise 26.1 
1. [LT] 2. (F, v), (F, B) 8. No 4. (- 0.16 1 - 0.32 j -0.64 K) N 
5. Positive 6. 9.47 x 10° m/s 7. 2.56x 10^ N 


Introductory Exercise 26.2 
1. D,B 2. False 3. False 4. Yes, No 5. Along positive z-direction 


6. (a) electron (b) electron 7. 0.0167 cm, 0.7 cm 


Introductory Exercise 26.3 
1. V2 By il 2. No 
3. (a) (0.023 N)k (b) (0.02 N)j. (c) zero (d) (= 0.0098 N)j (e) C 0.013 N) j + (- 0.026 N) k 
4. 32 N upwards 


Introductory Exercise 26.4 
qR?o 

4 

4. -2.42 J 


1 2. (a) t= (-9.60- 72j - 80k) x 10^ N-m. (b) U- - (6.0 x 10^)J 


Introductory Exercise 26.5 


1. (a) 28.3 uT into the page (b) 24.7 uT into the page 2. oo into the page 
TX 
3. 58.0 uT into the page 4. 26.2 uT into the page 5. ES. (G - ij out of the page 
a 


Introductory Exercise 26.6 
1. 200 uT toward the top of the page, 133 uT toward the bottom of the page 
2. (a) zero (b) -5.0x 10? T-m (c) 2.5x 10 T-m (d) 5.0x 10° T-m 
3. (b) the magnetic field at any point inside the pipe is zero 


Introductory Exercise 26.7 
1.90T 2.1.3x107A 


Exercises 
LEVEL 1 
Assertion and Reason 
1.(c) 2. (c) 3. (b) 4. (d) 5. (c) 6. (b)  7.(a) 8.(c) 9. (a) 10. (d) 
11. (d) 


Objective Questions 


1. (a 2 (o) 3. (o 4. (c) 5. (c) 6 (b) 7. (d 8. (c 9. (d) 10. (a) 
11. (c) 12. (d) 13. (c) 14. (a) 15. (c) 16. (a) 17. (d) 18. (c) 19. (c) 20. (o) 


21. 
31. 
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(c) 22. (b) 23. (d) 24 (c) 25. (a) 26. (b) 27. (c) 28. (a) 29. (b) 30. (a) 
(a) 32. (a) 38. (b) 34. (d) 35. (a) 


Subjective Questions 


1. (a) (6.24x 1074 N)k (b) —(6.24x 107 1^ N) k 2.B,=-2.0T 
3. (a) B, = (-0.175)T, B, = (-0.256)T (b) Yes, B, (c) zero, 90° 
^ : -qvB 3 qvB\,; > 4 
4. (a) -qvBk (b) +qvBj (c)zero (d) 9" e ( ) + k 5. 8.38x 10^ T 
(a) -q (b) +qvBj ( ( T j ( T G+ k 
6. (a) 8.35x 10? m/s (b) 2.62x 10% s (c) 7.26 kV 7.(a) -q (b) e 
q 
8. (a) 1.6x 10^ T into the page (b) 1.11x 107 s 
9. v= vi +v cosot j - v, sinat k, Here œ = Be 10. E = (-0.1 V/m) k 
m 
11. v, = 0,v = {24607 jp, Aane tang 13. 0.47 A from left to right 
m qB 
14. (a) 817.5 V (b) 112.8 m/s? 15. F,, =0,F,, = (-O04 N) i, F.y = (= 0.04 N) k, Fy, = (0.04i + 0.04k) N 
3 
16. zR 17. (a) 76.7° (b) 76.7° 18. (a) 1.5x 10719 s (b) 1.1 mA (c) 9.3x 104 A-m? 
Ho 
19. M = 21/2j 20. zero 21. 2.0uT 22. 2x109 T 23. y= dn 24. 2 rad 
2 
25. (a) Between the wires, 30.0 cm from wire carrying 75.0 A 
(b) 20.0 cm from wire carrying 25.0 A and 60.0 cm from wire carrying 75.0 A 
26. 69 27. h= (=) ly, towards right 28. (a) 2.77 A (b) 0.0184 m 
29. 2.0 A toward bottom of page 30. (a) oloi k (b) F, = F, = 2BgIRi,F = 4B, /Ri 
uoin? sin(=) tan( =} ia 
31. (a n D^ (p)t9 
(a) 2r (b) 2r 
2 2 2 usd 
32. (a) Hol o to the left (b) Hol a towards the top of the page 
tm | 4r--—a nr \4r-+a 
33. Bp = O, Bo = Hod 34, Holla zero 36. (a) x (b) x (c) = 
21a 6 
37 vo, o 38. UM E o) 39. (0.04 j - 0.07 k) A-m? 
qe Bq 
40. 9.98 N-m, clockwise as seen looking down from above. 
lob n? lb R? 
41. 20.0 uT toward the bottom of the square 42. (a) = 1 (b) 5 
Io 
LEVEL 2 
Objective Questions 
1.(a) 2.(c) 3.(c) 4.(c) 5.(d) 6.(d) 7.(b) 8.(d) 9.(b)  10.(c) 


11.(d) 12.3)  13.(b) 14.(a) 15.) 16.(c)  17.d) 18(c) 19.(c)  20.(d) 
21.(b) 22.)  23.(d) 24.(d) 25.(a)  26.(b)  27.(a) 
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More than One Correct Options 
1.(a,c) 2.(a,c,d) 3.(a,b,d) 4.(b,c,d) 5.(b,d) 6.(a,b,c,d) 7.(a,b,c,d) 8.(a,c,d) 9.(a,c,d) 


Match the Columns 


1. (a)or (b) > q (c)> p (d)> r 
2. (aor (bos (c)— q (d) p 
3. (ajo ps (b) p,q (c) — pr (d) p,s 
4. (a)> q (bor (c)— s (d) s 
5. (a) q (bor (c)— q (d)> r 
6. (ayo s (b)> s (c)> q (d) p 


Subjective Questions 


2 ^ 2.7 
jpobet 1. 1p 2*9] ds $us p Mane 
n |2 «3 2 4nm 8eph?n 
3. 27x 10^ T 4. (0.2 m, 0.2 m, 0.2 m) 
Ea? nta |2m 
5. 2x 10^ N 6. (a) y= b) p= | 
x (a) y AV (b) p B yav 
2 3 hB 2 
7. 2.0 m/s, 3.46 mT 8. (a) bL?B (b) Zr (At) 
DTo Ho i d+@ 
Oa = —— > 10. B = —2 — In| ——— | (upwards 
T BOR? 21 0 d (up ) 


11. 2tan! (=) 
mv 


12. (a) 0.0442 N-m, clockwise, yes — (b) stretched (c) 7.8x 10° J 


o mg 
13. (a) Pto Q (b) IbBo(3k- 4i) (c) XR 


10.(a,b,c) 
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27.10 Induced electric field 
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27.1 Introduction 


Almost every modern device has electric circuits at its heart. We learned in the chapter of current 
electricity that an electromagnetic force (emf) is required for a current to flow in a circuit. But for 
most of the electric devices used in industry the source of emf is not a battery but an electrical 
generating station. In these stations other forms of energy are converted into electric energy. For 
example, in a hydroelectric plant gravitational potential energy is converted into electric energy. 
Similarly, in a nuclear plant nuclear energy is converted into electric energy. 


But how this conversion is done? Or what is the physics behind this? The branch of physics, known as 
electromagnetic induction gives the answer to all these queries. Ifthe magnetic flux (@, ) through a 
circuit changes, an emf and a current are induced in the circuit. Electromagnetic induction was 
discovered in 1830. The central principle of electromagnetic induction is Faraday’s law. This law 
relates induced emf to change in magnetic flux in any loop, including a closed circuit. We will also 
discuss Lenz’s law, which helps us to predict the directions of induced emf and current. 


27.2 Magnetic Field Lines and Magnetic Flux 


Let us first discuss the concept of magnetic field lines and magnetic flux. We can represent any 
magnetic field by magnetic field lines. Unlike the electric lines of force, it is wrong to call them 
magnetic lines of force, because they do not point in the direction of the force on a charge. The force 
on a moving charged particle is always perpendicular to the magnetic field (or magnetic field lines) at 
the particle’s position. 

The idea of magnetic field lines is same as for the electric field lines as discussed in the chapter of 
electrostatics. The magnetic field at any point is tangential to the field line at that point. Where the 
field lines are close, the magnitude of field is large, where the field lines are far apart, the field 
magnitude is small. Also, because the direction of Bat each point is unique, field lines never intersect. 
Unlike the electric field lines, magnetic lines form a closed loop. 


Magnetic Flux 


The flux associated with a magnetic field is defined in a similar manner to that used to define electric 
flux. Consider an element of area dS on an arbitrary shaped surface as shown in figure. If the 


magnetic field at this element is B, the magnetic flux through the element is 
ds 


P 


p 
Dau 


B 


Fig. 27.1 
doz = B: dS = BdS cos® 


Here, dS is a vector that is perpendicular to the surface and has a magnitude equal to the area dS and is 
the angle between B and dS at that element. In general, d$ varies from element to element. The total 
magnetic flux through the surface is the sum of the contributions from the individual area elements. 


65 =| BdS cose =| B- dS 
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Note down the following points regarding the magnetic flux : 
(i) Magnetic flux is a scalar quantity (dot product of two vector quantities is a scalar quantity) 
(ii) The SI unit of magnetic flux is tesla-metre? (1 T-m? . This unit is called weber (1Wb). 


1 Wb z1T-m? 21N-m/A 
Thus, unit of magnetic field is also weber/m? (1Wb/m?). 
or 1T 21 Wb/m? 


(iii) In the special case in which B is uniform over a plane surface with total area S, 


LIT AP 


If Bis perpendicular to the surface, then cos0 =1 and 
$05 — BS 


Gauss's Law for Magnetism 


In Gauss's law, the total electric flux through a closed surface is proportional to the total electric 
charge enclosed by the surface. For example, if a closed surface encloses an electric dipole, the total 
electric flux is zero because the total charge is zero. 


By analogy, if there were such as thing as a single magnetic charge (magnetic monopole), the total 
magnetic flux through a closed surface would be proportional to the total magnetic charge enclosed. 
But as no magnetic monopole has ever been observed, we conclude that the total magnetic flux 
through a closed surface is zero. 


$B-dS=0 


Unlike electric field lines that begin and end on electric charges, magnetic field lines never have end 
points. Such a point would otherwise indicate the existence of a monopole. For a closed surface, the 
vector area element dS always points out of the surface. However, for an open surface we choose one 
of the possible sides of the surface to be the positive and use that choice consistently. 


27.3 Faraday’s Law 


This law states that, “the induced emf in a closed loop equals the negative of the time rate of change of 
magnetic flux through the loop.” 


des 
dt 
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Ifa circuit is a coil consisting of N loops all of the same area and ifo, is the flux through one loop, an 
emf is induced in every loop, thus the total induced emf in the coil is given by the expression, 


d 
ys 
dt 


The negative sign in the above equations is of important physical significance, which we will discuss 
in article. 27.4. 


Note down the following points regarding the Faraday’s law: 


eS — 


(i) As we have seen, induced emf is produced only when there is a change in magnetic flux passing 
through a loop. The flux passing through the loop is given by 


od — BS cos0 
This, flux can be changed in several ways: 


(a) The magnitude of B can change with time. In the problems if magnetic field is given a 
function of time, it implies that the magnetic field is changing. Thus, 


B - B(t) 
(b) The current producing the magnetic field can change with time. For this, the current can be 
given as a function of time. Hence, 
i-i(t) 
(c) The area of the loop inside the magnetic field can change with time.This can be done by 
pulling a loop inside (or outside) a magnetic field. 


cop 


Fig. 27.3 


(d) The angle 0 between B and the normal to the loop (or s) can change with time. 


x x 10 x x 
bd 
i . 
x x i x x 
Fig. 27.4 


This can be done by rotating a loop in a magnetic field. 
(e) Any combination of the above can occur. 


(ii) When the magnetic flux passing through a loop is changed, an induced emf and hence, an 
induced current is produced in the circuit. If R is the resistance of the circuit, then induced 


current is given by 
, e lí(-dóg 
(SS SS 
R RV dt 
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Current starts flowing in the circuit, means flow of charge takes place. Charge flown in the 
circuit in time df will be given by 
1 
dq = idt = — (-d 
q R (dọ; ) 
Thus, for a time interval At we can write the average values as, 


E Abs ae —AQg 
° R\ At 


1 
) and Aq=— (Abp) 


From these equations, we can see that e and i are inversely proportional to At while Aq is 
independent of At. It depends on the magnitude of change in flux, not the time taken in it. This 
can be explained by the following example. 


© Example 27.1 A square loop ACDE of area 20 cem? and «x e xB 


x 
resistance 5 Q is rotated in a magnetic field B= 2T through ' 

180°, (a) in 0.01 s and (b) in 0.02 s " i , 
i 


Find the magnitudes of average values of e, i and Aq in both 
the cases. x 


Solution Let us take the area vector S perpendicular to plane of loop Fig. 27.5 
inwards. So initially, STT B and when it is rotated by 180°, STUB. 
Hence, initial flux passing through the loop, 
$, = BS cos 0° = (2) (20x 10*) (1)=4.0x 10? Wb 
Flux passing through the loop when it is rotated by 180°, 

= BS cos 180° = (2) (20x 10^) -1)2 - 4.0x 10? Wb 
Therefore, change in flux, 

Abs 20, — 6; =-8.0x 10° Wb 


(a) Given, At=0.01s, R=5Q 


8.0x 10° 
le|- - - 


0.01 


Ads 
At 


0.8 V 


and Aq = iAt = 0.16 0.012 1.6x 10? C 
(b) At = 0.025 
80x 107 — 
0.02 


Ad 
ei z 
At 
i= 181294 008A 
R 5 
and Aq = iAt = (0.08) (0.02) 
=1.6x10° C 


0.4 V 


Note Time interval At in part (b) is two times the time interval in part (a), so e and i are half while Aq is same. 
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© Example 27.2 A coil consists of 200 turns of wire having a total resistance of 


2.0 Q. Each turn is a square of side 18 cm, and a uniform magnetic field 
directed perpendicular to the plane of the coil is turned on. If the field changes 
linearly from 0 to 0.5 T in 0.80 s, what is the magnitude of induced emf and 
current in the coil while the field is changing? 


Solution From the Faraday's law, 


Induced emf, |e |= aay = (NS ) BB 
t At 
(200) (18x 10? Y? (0.5— 0) 
~ 0.8 
=4,05 V Ans. 
Induced current, i = < = = =2.0A Ans. 


Example 27.3 The magnetic flux passing through a metal ring varies with 
time tas: dp =3 (at? — bt?) T-m? with a 22.00 s? and b 26.00 s?. The 
resistance of the ring is 3.0 Q. Determine the maximum current induced in the 
ring during the interval from t 20 to t= 2.0 s. 


Solution Given, 3 =3 (at? — br?) 


d 
le|2 Es = 9at? — 6bt 
dt 
2 
t^ — 6bt 
~ Induced current, i= t = 3at? — 2bt 
R 3 
For current to be maximum, 
di 
dt 
6at - 2b- 0 
b 
Or prote 
3a 


: b : : : : : 
Le. at f= Fi current is maximum. This maximum current is 
a 


Substituting the given values of a and b, we have 


2 
lias a pA Ans. 
3(2) 
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21.4 Lenz's Law 


The negative sign in Faraday's equations of electromagnetic induction describes the direction in 
which the induced emf drives current around a circuit. However, that direction is most easily 
determined with the help of Lenz's law. This law states that: 

“The direction of any magnetic induction effect is such as to oppose the cause of the effect.” 
For different types of problems, Lenz's law has been further subdivided into following concepts. 


1. Attraction and repulsion concept If magnetic flux is changed by bringing a magnet and a loop 
(or solenoid etc.) closer to each other then direction of induced current is so produced, that the 
magnetic field produced by it always repels the two. Similarly, if they are moved away from each 
other then they are attracted towards each other. Following two examples will illustrate this. 


© Example 27.4 A bar magnet is freely falling along the axis of a circular loop 
as shown in figure. State whether its acceleration a is equal to, greater than or 
less than the acceleration due to gravity g. 


S 


NI |a 


cag 


Fig. 27.6 


Solution a< g. Because according to Lenz’s law, whatever may be the direction of induced 
current, it will oppose the cause. 


S 
N 


| 


(a) (b) 
Fig. 27.7 


Here, the cause is, the free fall of magnet and so the induced current will oppose it and the 
acceleration of magnet will be less than the acceleration due to gravity g. This can also be 
explained in a different manner. When the magnet falls downwards with its north pole 
downwards. 


The magnetic field lines passing through the coil in the downward direction increase. Since, the 
induced current opposes this, the upper side of the coil will become north pole, so that field lines 
of coil’s magnetic field are upwards. Now, like poles repel each other. Hence, a< g. 


© Example 27.5 A bar magnet is brought near a E m 
solenoid as shown in figure. Will the solenoid attract (0000000) 
or repel the magnet? 


Fig. 27.8 
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Solution When the magnet is brought near the solenoid, according to Lenz's law, both repel 
each other. On the other hand, if the magnet is moved away from the solenoid, it attracts the 
magnet. When the magnet is brought near the solenoid, the nearer side becomes the same pole 
and when it is moved away it becomes the opposite pole as shown in figure. 


Fig. 27.9 


It can also be explained by increasing or decreasing field lines as discussed in example 27.4. 


2. Cross or dot magnetic field increasing or decreasing concept 


If cross magnetic field passing through a loop increases then induced current will produce dot 
magnetic field. Similarly, if dot magnetic field passing through a loop decreases then dot 
magnetic field is produced by the induced current. Let us take some examples in support of it. 


© Example 27.6 A circular loop is placed in magnetic field B — 21. Find the 


direction of induced current produced in the loop. 


X X X 

X X 

X X X 
Fig. 27.10 


Solution | B 2 2t, means € magnetic field (or we can also say cross magnetic flux) passing 
through the loop is increasing. So, induced current will produce dot magnetic field. To 
produce © magnetic field, induced current from our side should be anti-clockwise. 


Example 27.7 A rectangular loop is placed to the left of large current carrying 
straight wire as shown in figure. Current varies with time as I 2 2t. Find 
direction of induced current I;, in the square loop. 


tl = 2t 


Fig. 27.11 


Solution Current J will produce © magnetic field passing through the loop. Current / is 
increasing, so dot magnetic field will also increase. Therefore, induced current should produce 
cross magnetic field. For producing cross magnetic field in the loop, induced current from our 
side should be clockwise. 


3. Situations where flux passing through the loop is always zero or change in flux is zero. 
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© Example 27.8 A current carrying straight wire passes inside a triangular loop 
as shown in Fig. 27.12. The current in the wire is perpendicular to paper 
inwards. Find the direction of the induced current in the loop if current in the 
wire is increased. 


G9 i 


Fig. 27.12 


Solution Magnetic field lines round the current carrying wire are as shown in Fig.27.13. 
Since, the lines are tangential to the loop (0 = 90? ) the flux passing through the loop is always 
zero, whether the current is increased or decreased. Hence, change in flux is also zero. Therefore, 
induced current in the loop will be zero. 


Fig. 27.13 


© Example 27.9 A rectangular loop is placed adjacent to a current carrying 
straight wire as shown in figure. If the loop is rotated about an axis passing 
through one of its sides, find the direction of induced current in the loop. 

w 


Fig. 27.14 


Solution Magnetic field lines around the straight wire are circular. So, same magnetic lines 
will pass through loop under all conditions. 


Ao =0 
= emf= 0 
=> i=0 


4. Attraction or repulsion between two loops facing each other if current in one loop is 
changed 
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Example 27.10 Two loops are facing each other as shown in — 


Fig. 27.15. State whether the loops will attract each other or 


repel each other if current I, is increased. 


Solution If current J} is increased then induced current in loop-2 (say 7;) Fig. 27.15 
will be in opposite direction. Now, two wires having currents in opposite 
directions repel each other. So, the loops will repel each other. 


INTRODUCTORY EXERCISE 


1. 


Figure shows a conducting loop placed near a long straight wire carrying a current as shown. If 
the current increases continuously, find the direction of the induced current in the loop. 


10 


Fig. 27.16 
A metallic loop is placed in a non-uniform steady magnetic field. Will an emf be induced in the 
loop? 
Write the dimensions of TA 
A triangular loop is placed in a dot (S magnetic field as shown in figure. Find the direction of 
induced current in the loop if magnetic field is increasing. 
(2 
© © 
GGG 
O00000 
Fig. 27.17 


Two circular loops lie side by side in the same plane. One is connected to a source that supplies 
an increasing current, the other is a simple closed ring. Is the induced current in the ring is in the 
same direction as that in the loop connected to the source or opposite? What if the current in the 
first loop is decreasing? 


A wire in the form of a circular loop of radius 10 cm lies in a plane normal to a magnetic field of 
100 T. If this wire is pulled to take a square shape in the same plane in 0.1 s, find the average 
induced emf in the loop. 


A closed coil consists of 500 turns has area4 cm? and a resistance of50 Q. The coil is kept with 
its plane perpendicular to a uniform magnetic field of 0.2 Wb/m?. Calculate the amount of 
charge flowing through the coil if it is rotated through 180°. 

The magnetic field in a certain region is given by B=(4.0 11,8 k) x 10? T. How much flux 
passes through a 5.0 cm? area loop in this region if the loop lies flat on the xy -plane? 
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21.5 Motional Electromotive Force 


Till now, we have considered the cases in which an emf is induced in a stationary circuit placed in a 
magnetic field, when the field changes with time. In this section, we describe what is called motional 
emf, which is the emf induced in a conductor moving through a constant magnetic field. 

The straight conductor of length / shown in figure is moving through a uniform magnetic field 
directed into the page. For simplicity we assume that the conductor is moving in a direction 
perpendicular to the field with constant velocity under the influence of some external agent. The 
electrons in the conductor experience a force 


E, -—e(vxB) 
x x x 
gus 
++ 
x | F, x x 
[ V 
x | Fm x x 
x x x 
Fig. 27.18 


Under the influence of this force, the electrons move to the lower end of the conductor and 
accumulate there, leaving a net positive charge at the upper end. As a result of this charge separation, 
an electric field is produced inside the conductor. The charges accumulate at both ends untill the 
downward magnetic force evB is balanced by the upward electric force eE. At this point, electrons 
stop moving. The condition for equilibrium requires that, 


eE=evB or E=vB 


The electric field produced in the conductor (once the electrons stop moving and F is constant) is 
related to the potential difference across the ends of the conductor according to the relationship, 


AV =El=Blv 
AV = Blv 
where the upper end is at a higher electric potential than the lower end. Thus, 


“a potential difference is maintained between the ends of a straight conductor as long as the 
conductor continues to move through the uniform magnetic field.” 


Now, suppose the moving rod slides along a stationary U-shaped * 4 " 
d . A : j < 
conductor forming a complete circuit. We call this a motional 
electromagnetic force denoted by e, we can write 
X Y X——v x 
e=Bvl 
If R is the resistance of the circuit, then current in the circuit is ` ji 
b 
. e bil x x X 
==. Fig. 27.19 


R R 


V, > Vp. Therefore, direction of current in the loop is anti-clockwise as shown in figure. 
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© Extra Points to Remember 

e The direction of motional emf or current can be given by right Induced current (Upper side of palm) 
hand rule. 
Stretch your right hand. 


The stretched fingers point in the direction of magnetic field. Stretched fingers 
Thumb is along the velocity of conductor. The upper side of (B) 
the palm is at higher potential and lower side on lower Velocity of conductor (Thumb) 
potential. If the circuit is closed, the induced current within the Fig. 27.20 
conductor is along perpendicular to palm upwards. i 
* x x x . 
a i 
» 
— e-Bvl 


Fig. 27.21 
In the Fig. 27.20, we can replace the moving rod ab by a battery of emf Bv/ with the positive terminal at a 
and the negative terminal at b. The resistance r of the rod ab may be treated as the internal resistance of 
the battery. Hence, the current in the circuit is 
: e ._ BM 
j= oO | f= 
R+r 


EET 


e Induction and energy transfers In the Fig. 27.21, if you move the conductor ab with a constant velocity 
v, the current in the circuit is 


Bvl 
[es TE) 
I: (r = 0) 
x x x x 
a 
| F v 
x d RŽ x [E x X 
| m 
b 
x x x x 
Fg227222 


B?I v 


A magnetic force F,, = ilB = acts on the conductor in opposite direction of velocity. So, to move the 


conductor with a constant velocity v an equal and opposite force F has to be applied in the conductor. 
Thus, 


22 
pM UM 


The rate at which work is done by the applied force is 


E pied == 
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and the rate at which energy is dissipated in the circuit is 


mu WB. Bev? 
Faiseated = A= ( R R= R 


This is just equal to the rate at which work is done by the applied force. 
Motional emf is not a different kind of induced emf, it is exactly the induced emf described by Faraday’s 
law, in the case in which there is a conductor moving in a magnetic field. Equation, e = — te is best 


applied to problems in which there is a changing flux through a closed loop while e = Bv/ is applied to 
problems in which a conductor moves through a magnetic field. Note that, if a conductor is moving in a 
magnetic field but circuit is not closed, then only PD will be asked between two points of the conductor. If 
the circuit is closed, then current will be asked in the circuit. Now, let us see how these two are similar. 


x x x x x x x x x x 

x gj * i=0 x "E x xd X a 
x x x x x x x G 

[Ey i > 
l x x x x x x T 4 

x x x x x x x ZA 

c b E Za b 
x x x x x x x x 
|<—>: 
x x x x x x me Xa 
(b) (c) 

Fig. 27.23 


Refer figure (a) A loop abcd enters a uniform magnetic field B at constant speed v. 
Using Faraday's equation, 


dos 
at 


d(BS) _ d(Bix) 
dt at dt 


lel | 


For the direction of current, we can use Lenz's law. As the loop enters the field, & magnetic field passing 
through the loop increases, hence, induced current should produce C) magnetic field or current in the loop 
is anti-clockwise. From the theory of motional emf, e = Bv/ and using right hand rule also, current in the 


circuit is anti-clockwise. Thus, we see that e = E and e = Bvl give the same result. In the similar 


manner, we can show that current in the loop in figure (b) is zero and in figure (c) it is clockwise. 


We can generalize the concept of motional emf for a conductor with any shape moving in any magnetic 
field uniform or not. For an element dl of conductor the contribution de to the emf is the magnitude d/ 
multiplied by the component of v x B parallel todl, that is 


de = (v x B): dl 
For any two points a and b the motional emf in the direction from b to a is, 


e = f V x B)- dl 


x x x x x x x 5 
b b 
G v 
x x x x = X 
a 
a vı 7 vcos 0 
x x x x x x x x 
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In general, we can say that motional emf in wire acb in a uniform magnetic field is the motional emf in an 
imaginary straight wire ab. Thus, 


Cach = Cab = (length of ab) (v, ) (B) 
Here, v, is the component of velocity perpendicular to both B and ab. 
From right hand rule we can see that b is at higher potential and a at lower potential. 
Hence, Vos = V, — V4 = (ab) (vcos9) (B) 
Motional emf induced in a rotating bar: A conducting rod of length / rotates with a constant angular 
Speed o about a pivot at one end. A uniform magnetic field B is directed perpendicular to the plane of 


rotation as shown in figure. Consider a segment of rod of lengthar at a distance r from O. This segment has 
a velocity, 


Fig. 27.25 


The induced emf in this segmentis de = Bvar = B (rw) dr 


Summing the emfs induced across all segments, which are in series, gives the total emf across the rod. 
| | e 

e = [de =Í arar DOR 

0 0 9) 


Bal? 
e- 
2 


From right hand rule we can see that P is at higher potential than O. Thus, 


2 
ae Bol 


Note that in the problems of electromagnetic induction whenever you see a conductor moving in a 
magnetic field use the motional approach. It is easier than the other approach. But, if the conductor (or 


loop) is stationary, you have no choice. Usee = - h, 


Now onwards, the following integrations will be used very frequently. 


x ax E t 
If | x =f e at 
then, x= = (1— e799) 
and if fe etic 
Xoa— bx 410 
then, oe [p = x Jom 
b b 


Here a, b andc are positive constants. 
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l a : . : Bool? 
Note In an electrical circuit, a moving or rotating wire may be assumed as a battery of emf Bvl or > and 


then it can be solved with the help of Kirchhoffs laws. The following example will illustrate this concept. 


© Example 27.11 Two parallel rails with negligible resistance are 10.0 cm apart. 
They are connected by a 5.0 Q resistor. The circuit also contains two metal rods 
having resistances of 10.0 O and 15.0 Q along the rails. The rods are pulled 
away from the resistor at constant speeds 4.00 m/s and 2.00 m/s respectively. A 
uniform magnetic field of magnitude 0.01T is applied perpendicular to the, 
plane of the rails. Determine the current in the 5.0 Q resistor. 


x aX C X e x 
x x x x 
4.0 m/s 350 Q L—— 2.0 m/s 
x x x x 
b f 
x 10.0 Q d 15.0 Q x 
Fig. 27.26 


HOW TO PROCEED Here, two conductors are moving in a uniform magnetic field. So, 
we will use the motional approach. The rod ab will act as a source of emf, 


e, = Bul =(0.01)(4.0) (0.1) 24x10? V 


and internal resistance r, = 10.0 Q 
Similarly, rod ef will also act as a source of emf, 
e, 2(0.01)(2.0)(0.1) 2 2.0 x 107 V 


and internal resistance r, = 15.0 Q. 

From right hand rule we can see that, V, >V, and V, >V; 

Now, either by applying Kirchhoffs laws or applying principle of superposition 
(discussed in the chapter of current electricity) we can find current through 5.0 Q 
resistor. We will here use the superposition principle. You solve it by using 
Kirchhoff's laws. 

Solution In the figures R = 5.00, 5 2100, n 2150, e, - 4x10? Vand e, 22x10? V 


: » 
i 1? 
< < 
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Refer figure (b) Net resistance of the circuit = r, + BW + Ha a 
n 1045 3 
-3 
Current, i = e a MN. x10? A 
Net resistance 55/3 55 
. Current through R, 
E ene E (5 10) 
R*n 104 5/455 
= dg? Aj mA 
55 
; A Rr, 
Refer figure (c) Net resistance of the circuit = 7 + 
+h 
-104+ 5x15 z 55 
5+15 4 
Current, i’ = L5 0 
Net resistance 
-3 
SAU LE ES 
55/4 55 
-. Current through R, ij = 2 v= 15 E x10? A 
R+n 15+ 5/455 
= 5 mA 
55 


From superposition principle net current through 5.0 Q resistor is 


- =: mA from d to c Ans. 


i -i 
© Example 27.12 Figure shows the top view of a rod that can slide without 


friction. The resistor is 6.0 Q and a 2.5 T magnetic field is directed 


perpendicularly downward into the paper. Let | 2 1.20 m. 
eB 


Bb oL 


| R 
Fig. 27.28 
(a) Calculate the force F required to move the rod to the right at a constant speed of 


2.0 m/s. 
(b) At what rate is energy delivered to the resistor? 
(c) Show that this rate is equal to the rate of work done by the applied force. 
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Solution The motional emf in the rod, e= Bv/ or e= (2.5) (2.0) (1.2) V = 6.0 V 
The current in the circuit, pz hat at =10A 
R 6.0 
(a) The magnitude of force F required will be equal to the magnetic force acting on the rod, 
which opposes the motion. 
F-F,-iB or F-(10)(1.2) (2.5) NZ3N Ans. 
(b) Rate by which energy is delivered to the resistor is 
P, =i°R = (1° (6.0)=6W Ans. 
(c) The rate by which work is done by the applied force is 
P, =F -v= (3) (2.0)=6 W 
P =P; Hence proved. 


INTRODUCTORY EXERCISE 


1. A horizontal wire 0.8 m long is falling at a speed of 5 m/s perpendicular to a uniform magnetic 
field of 1.1 T, which is directed from east to west. Calculate the magnitude of the induced emf. Is 
the north or south end of the wire positive? 

2. As shown in figure, a metal rod completes the circuit. The circuit area is perpendicular to a 
magnetic field with B 20.15 T. If the resistance of the total circuit is 3 Q, how large a force is 
needed to move the rod as indicated with a constant speed of2 m/s? 


x x x x x X 
B = 0.15 T (into page) 
x x x x x x 
Î 


50 cm 
RŠ "| x v7 2m 


Xx x Xx X X X 
X Xx Xx Xx Xx Xx 
Fig. 27.29 


3. A rod of length 3/ is rotated with an angular velocity o as shownin A /f D) 2l D eB 
figure. The uniform magnetic field B is into the paper. Find c*o 


(a) V, - Vc (b) Va - Vo i pi 
4. As the bar shown in figure moves in a direction perpendicular to the field, is an external force 
required to keep it moving with constant speed. 


X X x 
x V X 
X X X 


Fig. 27.31 
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27.6 Self-inductance and Inductors 


Consider a single isolated circuit. When a current is present in the circuit, it sets up a magnetic field 
that causes a magnetic flux through the same circuit. This flux changes as the current in the circuit is 
changed. According to Faraday’s law any change in flux in a circuit produces an induced emf in it. 
Such an emf is called a self-induced emf. The name is so called because the source of this induced 
emf is the change of current in the same circuit. 

According to Lenz’s law the self-induced emf always opposes the change in the current that caused 
the emf and so tends to make it more difficult for variations in current to occur. We will here like to 
define a term self-inductance L of a circuit which is of great importance in our proceeding 
discussions. It can be defined in the following two ways : 

First Definition Suppose a circuit includes a coil with N turns of wire. It carries a current i. The 
total flux (No, ) linked with the coil is directly proportional to the current (7) in the coil, i.e. 


Nog i 


When the proportionality sign is removed a constant L comes in picture, which depends on the 
dimensions and number of turns in the coil. This constant is called self-inductance. Thus, 


Ni 

Nọ; = Li or L= Mo, 
i 

From here we can define self-inductance (L) of any circuit as, the total flux per unit current. The SI 

unit of self-inductance is henry (1H). 

Second Definition Ifa current iis passed in a circuit and it is changed with a rate di/dt, the induced 


emf e produced in the circuit is directly proportional to the rate of change of current. Thus, 


di 
ex — 
dt 
When the proportionality constant is removed, the same constant L again comes here. 
di 
Hence, e-—-L— 
dt 


The minus sign here is a reflection of Lenz's law. It says that the self-induced emfin a circuit opposes 
any change in the current in that circuit. From the above equation, 


ee 


di/ dt 


This equation states that, the self-inductance of a circuit is the magnitude of self induced emf per 
unit rate of change of current. 

A circuit or part ofa circuit, that is designed to have a particular inductance is called an inductor. The 
usual symbol for an inductor is 


— — —f(000000 —__— 
Fig. 27.32 


Thus, an inductor is a circuit element which opposes the change in current through it. It may be a 
circular coil, solenoid etc. 
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Significance of Self-inductance and Inductor 


Like capacitors and resistors, inductors are among the circuit elements of modern electronics. Their 
purpose is to oppose any variations in the current through the circuit. In a DC circuit, an inductor 
helps to maintain a steady state current despite fluctuations in the applied emf. In an AC circuit, an 
inductor tends to suppress variations ofthe current that are more rapid than desired. An inductor plays 
a dormant role in a circuit so far as current is constant. It becomes active when current changes in the 
circuit. Every inductor has some self-inductance which depends on the size, shape and the number of 
turns etc. For N turns close together, it is always proportional to N ? Ttalso depends on the magnetic 
properties of the material enclosed by the circuit. When the current passing through it is changed, an 
emf of magnitude L di/dt is induced across it. Later in this article, we will explore the method of 
finding the self-inductance of an inductor. 


Potential Difference Across an Inductor 
We can find the polarities of self-induced emf across an inductor from Lenz’s law. a i (constant) 


The induced emf is produced whenever there is a change in the current in the m 
inductor. This emf always acts to oppose this change. Figure shows three cases. di - 
Assume that the inductor has negligible resistance, so the PD, V,, =V, —V, p =0 
between the inductor terminals a and 5 is equal in magnitude to the self-induced Vab = 0 

emf. (a) 

Refer figure (a) The current is constant, and there is no self-induced emf. (increasing) " 
Hence, V, =0 m 


ans di . " ; — -— 
Refer figure (b) The current is increasing, so * is positive. The induced emf e è 


di 
must oppose the increasing current, so it must be in the sense from b to a, a uo 
becomes the higher potential terminal and V, is positive. The direction of the emf Vab » 0 
is analogous to a battery with a as its positive terminal. (b) 
A ; di , . : i (decreasing) 
Refer figure (c) The current is decreasing and di is negative. The self-induced a — b 
wN 
emf eopposes this decrease and V, is negative. This is analogous to a battery with ~ | i 
bas its positive terminal. e 
‘ di 
In each case, we can write the PD, V, as ai = 
di Vab «0 
a (c) 
Fig. 27.33 
i i 
a b a b 
" " di 
Va 7 iR Vas = Lo 
(a) (b) 
Fig. 27.34 


The circuit's behaviour of an inductor is quite different from that of a resistor. While a resistor 
opposes the current 7, an inductor opposes the change (di/dt) in the current. 
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Kirchhoff's potential law with an inductor In Kirchhoff s potential law when we go through an 
inductor in the same direction as the assumed current, we encounter a voltage drop equal to L di/ dt, 
where di/dt is to be substituted with sign. 


R L 
WW F000 — 
H L H L 
= z- yp OE 
i4 Drop=iR Drop = LTE Y 
<4 | H < 
Ẹ 
Fig. 27.35 
For example in the loop shown in figure, Kirchhoff's second law gives the equation. 
d 


pop am 
dt 


© Example 27.13 The inductor shown in the figure has inductance 0.54 H and 
carries a current in the direction shown that is decreasing at a uniform rate 


di 
— = — 0.03 A/s. 
dt 
i 
A TOD : 
Fig. 27.36 


(a) Find the self-induced emf. 
(b) Which end of the inductor a or b is at a higher potential? 
Solution (a) Self-induced emf, 


e- Lo 0.54) (— 0.03) V 
t 


=1.62x 10°? V Ans. 
(b) Vpa =I c i y 
dt 
Since, V,, (=V, —V, )is negative. It implies that V, >V, or a is at higher potential. Ans. 


© Example 27.14 In the circuit diagram shown in figure, R =10 Q, L=5H, 
E =20V, i =2A. This current is decreasing at a rate of —1.0 A/s. Find V „ at 
this instant. 
E 


a R i L | b 
AMT |! . 
Fig. 27.37 


Solution PD across inductor, 


yit eea 
dt 
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Now, V,-iR-V, —-E=V, 
Va —-V,-Vy-EtiRMV, 
-20-(2)(10—-5-235V Ans. 


Note As the current is decreasing, the inductor can be replaced by a source of emf e = | L a =5 V in such a 


manner that this emf supports the decreasing current, or it sends the current in the circuit in the same 
direction as the existing current. So, positive terminal of this source is towards b. Thus, the given circuit 
can be drawn as shown below, 


e= (LF =5 
E-20V 
a R | 
wm ; L . 
Fig. 27.38 


Now, we can find V... 


Method of Finding Self-inductance of a Circuit 
We use the equation, L = No, /ito calculate the inductance of given circuit. 
A good approach for calculating the self-inductance of a circuit consists of the following steps: 
(a) Assume that there is a current i flowing through the circuit (we can call the circuit as inductor). 
(b) Determine the magnetic field B produced by the current. 
(c) Obtain the magnetic flux z. 
(d) With the flux known, the self-inductance can be found from L = Nog /i. 


To demonstrate this procedure, we now calculate the self-inductance of two inductors. 


Inductance of a Solenoid 


Let us find the inductance of a uniformly wound solenoid having N turns and length /. Assume that /1s 
much longer than the radius of the windings and that the core of the solenoid is air. 


We can assume that the interior magnetic field due to a current ; is uniform and given by equation, 


; N. 
B=woni=wo( “| 


N 
where, n = T is the number of turns per unit length. 


: f NS 
The magnetic flux through each turn is, 05 - BS =p T i 


Here, S is the cross-sectional area of the solenoid. Now, 


Nòs N |o iet 
, Ij ıl 


fe 
i i 


patos 
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This result shows that L depends on dimensions (S, /) and is proportional to the square of the 
number of turns. 
Le N? | 
Because N = nl, we can also express the result in the form, 
(n)? 
l 
Here, V = S/ is the volume of the solenoid. 


Inductance of a Rectangular Toroid 
A toroid with a rectangular cross-section is shown in figure. The inner and outer radii ofthe toroid are 
R, and R, and his the height of the toroid. Applying Ampere's law for a toroid, we can show that 
magnetic field inside a rectangular toroid is given by 


S =uon Sl=u on V or L=uonV 


L=\Wo 


p Ro >= 
— — 
ML r 
—>| 
dr 
dS th 
Fig. 27.39 
Ni 
pe 
2nr 


where, r is the distance from the central axis of the toroid. Because the magnitude of magnetic field 
changes within the toroid, we must calculate the flux by integrating over the toroid's cross-section. 
Using the infinitesimal cross-sectional area element dS = hdr shown in the figure, we obtain 


bs =| Bas - Re) (hdr) 


2nr 
hi R 
Ho Nhi "ES 
2n Ry 
Ni N?h | (R 
Now, L= 05 -Bo In| = 
i 27 R, 
2 
h R 
or phe" In | — 
2n Ri 


As expected, the self-inductance is a constant determined by only the physical properties of the 
toroid. 
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Energy Stored in an Inductor 
The energy of a capacitor is stored in the electric field between its plates. Similarly, an inductor has 
the capability of storing energy in its magnetic field. 
i (increasing) 


— 
* e | . 
*— — —fO000000* | I 
di 
— Ho e= F 
_, di 
e=L dt 


Fig. 27.40 
An increasing current in an inductor causes an emf between its terminals. 


The work done per unit time is power. 


dw j 
ae ge 
dt dt 
From dW=-dU or pa la 
dt dt 
We have, gU - i or dU -Lidi 
dt dt 


The total energy U supplied while the current increases from zero to a final value iis 


U =Lf idi- 112 
0^ 2 


1 
U --Li? 
2 
This is the expression for the energy stored in the magnetic field of an inductor when a current i flows 
through it. The source of this energy is the external source of emf that supplies the current. 


Note (i) After the current has reached its final steady state value i, di/ dt 2 0 and no more energy is taken by the 
inductor. 
(ü) When the current decreases from i to zero, the inductor acts as a source that supplies a total amount of 


energy 5 Li? to the external circuit. If we interrupt the circuit suddenly by opening a switch, the current 


decreases very rapidly, the induced emf is very large and the energy may be dissipated as a spark across 
the switch. 

(iii) If we compare the behaviour of a resistor and an inductor towards the current flow we can observe that 
energy flows into a resistor whenever a current passes through it. Whether the current is steady 
(constant) or varying this energy is dissipated in the form of heat. By contrast energy flows into an ideal, 
zero resistance inductor only when the current in the inductor increases. This energy is not dissipated, it 
is stored in the inductor and released when the current decreases. 

(iv) As we said earlier also, the energy in an inductor is actually stored in the magnetic field within the coil. 
We can develop relations of magnetic energy density u (energy stored per unit volume) analogous to 
those we obtained in electrostatics. We will concentrate on one simple case of an ideal long cylindrical 
solenoid. For a long solenoid its magnetic field can be assumed completely of within the solenoid. The 
energy U stored in the solenoid when a current i is 


U= Sli? = (pon?) È as L=pon°V 
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The energy per unit volume is u — E 
A2 2 
js agre D MNUH -TB 
V 2 2 MHo — 2Ho 
ds B -ugni 
2 
Thus, u= 1 B 
2 Uo 


This expression is similar to u — ; e£? used in electrostatics. Although, we have derived it for one 


special situation, it turns out to be correct for any magnetic field configuration. 


© Example 27.15 (a) Calculate the inductance of an air core solenoid 
containing 300 turns if the length of the solenoid is 25.0 cm and its 


cross-sectional area is 4.00 em?. 


(b) Calculate the self-induced emf in the solenoid if the current through it is 
decreasing at the rate of 50.0 A/s. 


Solution (a) The inductance of a solenoid is given by 
2 
pak - 5 


Substituting the values, we have 
_ (4n x 107 ) (300)? (4.00x 10 ) 4 


L 


(25.0x 107) 
=1.81x107H Ans. 
di 
b) e=-L— 
(b) 7 
Here, Ld = — 50.0 A/s 
dt 
e= — (1.81x 107^ ) (-50.0) 
29.05x10? V 
or e = 9.05 mV Ans. 


© Example 27.16 What inductance would be needed to store 1.0 kWh of energy 
in a coil carrying a 200 A current. (1 kWh =3.6 x 108 J) 


Solution We have, i= 200A 


and U 2 1kWh =3.6x 10° J 
L2 (usar) 
72 2 
6 
_ 28.610") _ eng Ans. 


(200)? 
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© Example 27.17 (a) What is the magnetic flux through one turn of a solenoid 
of self-inductance 8.0 x 10 ? H when a current of 3.0 A flows through it? Assume 
that the solenoid has 1000 turns and is wound from wire of diameter 1.0 mm. 
(b) What is the cross-sectional area of the solenoid? 
Solution Given, L=8.0x 10° H, i=3.0A and N =1000 turns 


(a) From the relation, L = d 


I 


The flux linked with one turn, 
Li (8.0x 10° ) (3.0) 


=a 1000 
224x107 Wb 


(b) This $— BS = (uoni) (S) 
l 


99099000009 00090909090909090000 


0000000000000000 
d 


Fig. 27.41 
Here, n = number of turns per unit length 
C R 
l Nd d 
NT 
? d 
- -3 
di s= éd (24x10 ) 0.0x10~ ) 


uoi (4n x1077 ) (3.0) 
=6.37x 10° m? Ans. 


© Example 27.18 A 10 H inductor carries a current of 20 A. How much ice at 
0° C could be melted by the energy stored in the magnetic field of the inductor? 
Latent heat of ice is 22.6 x 10° J/kg. 


Solution Energy stored is sti A 


This energy is completely used in melting the ice. 


Hence, - Li = mL, 


Here, L, = latent heat of fusion 
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Hence, mass of ice melted, m= Lit 
X, 
Substituting the values, we have 
(10) 20) 
~ 2(2.26x 10°) 
= 0.88 kg Ans. 
INTRODUCTORY EXERCISE 
1. The current through an inductor of 1H is given by i =3t sint. Find the voltage across the 


inductor. 
2. In the figure showni =10e“ A. Find V, and V 


Fig. 27.42 


3. The current (in Ampere) in an inductor is given by / =5 + 16t, where t is in seconds. The 
self-induced emf in it is 10 mV. Find 
(a) the self-inductance, and 
(b) the energy stored in the inductor and the power supplied to it att = 1s 
4. (a) Calculate the self-inductance of a solenoid that is tightly wound with wire of diameter 
0.10 cm, has a cross-sectional area 0.90 cm? and is 40 cm long. 
(b) If the current through the solenoid decreases uniformly from 10 A to 0 A in 0.10 s, what is the 
emf induced between the ends of the solenoid? 


27.7 Mutual Inductance 


We have already discussed in Chapter 26, the magnetic interaction between two wires carrying steady 
currents. The current in one wire causes a magnetic field, which exerts a force on the current in the 
second wire. 


An additional interaction arises between two circuits when there is a changing current in one of the 
circuits. 


Fig. 27.43 
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Consider two neighbouring coils of wire as shown in Fig. 27.42. A current flowing in coil 1 produces 
magnetic field and hence, a magnetic flux through coil 2. If the current in coil 1 changes, the flux 
through coil 2 changes as well. According to Faraday’s law this induces an emf in coil 2. In this way, a 
change in the current in one circuit can induce a current in a second circuit. This phenomenon is 
known as mutual induction. Like the self-inductance (L), two circuits have mutual inductance ( M ). 
It also have two definitions as under: 

First Definition Suppose the circuit 1 has a current į flowing in it. Then, total flux N05, linked 


with circuit 2 is proportional to the current in 1. Thus, 


N, 5, e i 
or N 205, - Mi, 
Here, the proportionality constant M is known as the mutual inductance M of the two circuits. 
N05 
Thus, M -2——À 


h 
From this expression, M can be defined as the total flux Vg, linked with circuit 2 per unit 
current in circuit 1. 
Second Definition If we change the current in circuit 1 at a rate di; /dt, an induced emf e, is 
developed in circuit 1, which is proportional to the rate di, /dt. Thus, 

e, x di, / dt 
or e; =— Mdi, /dt 
Here, the proportionality constant is again M. Minus sign indicates that e, is in such a direction that it 
opposes any change in the current in circuit 1. From the above equation, 
-— 

di, / dt 


This equation states that, the mutual inductance of two circuits is the magnitude of induced emf 
e, per unit rate of change of current di, / dt. 


Note down the following points regarding the mutual inductance: 
1. The SI unit of mutual inductance is henry (1H). 
2. M depends upon closeness of the two circuits, their orientations and sizes and the number of 


turns etc. 
3. Reciprocity theorem : M,,=M,,=M 
€z R M (di,/dt) 
and e =— M(di,/dt) 
N 50s, 
12 . 
4 
N 
and Mj = ida 


h 
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4. A good approach for calculating the mutual inductance of two circuits consists of the following 
steps: 
(a) Assume any one of the circuits as primary (first) and the other as secondary (second). 
(b) Pass a current i, through the primary circuit. 
(c) Determine the magnetic field B produced by the current i,. 
(d) Obtain the magnetic flux 05, . 
(e) With this flux, the mutual inductance can be found from, 
y at 


h 


Mutual Inductance of a Solenoid Surrounded by a Coil 


Figure shows a coil of N, turns and radius R, surrounding a long solenoid of length /,, radius R, and 
number of turns N}. 


To calculate M between them, let us assume a current i, in solenoid. 
There is no magnetic field outside the solenoid and the field inside has magnitude, 


and is directed parallel to the solenoid's axis. The magnetic flux ọ B, through the surrounding coil is, 
therefore, 


mR? 


Uo Nii 
Op, = BOER?) =F 


1 


jJ 2 
Now, ye eda i Jari PAU i 
h h L A 
= 
M LESTIE 
1 


Note that M is independent of the radius R, of the surrounding coil. This is because solenoid’s 
magnetic field is confined to its interior. In principle, we can also calculate M by finding the magnetic 
flux through the solenoid produced by the current in the surrounding coil. This approach is much 
more difficult, because $5, is so complicated. However, since Mj; = M», we do know the result of 
this calculation. 
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Combination of Inductances 
In series If several inductances are in series so that there are no interactions through mutual 
inductance. 


c 
» 
$c 


(a) (b) 


Fig. 27.45 
Refer figure (a) 
VV. =L a 
dt 
di 
V-V =L — 
c d 2 dt 
di 
d V;—-V,-lL,— 
an d b 3 dt 
Adding all these equations, we have 
di . 
Vac V, mL, *L)T ...(1) 
Refer figure (b) 
di " 
V. -V, =L— ... (il 
a b dt ( ) 


Here, L = equivalent inductance. 


From Eqs. (i) and (ii), we have 


In parallel 
Refer figure (a) 
j 
: > 
Fig. 27.46 
di di di, di 
or A a a een 
dt dt dt dt 
i V,-V, V,-V, Va -V 
or Aten, a es i) 
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Refer figure (b) 
dL 
1 1 1 1 
=— +— + 
L h de L 


di V, -V, E 


From Eqs. (i) and (ii), 


6 Example 27.19 A straight solenoid has 50 turns per cm in primary and total 
200 turns in the secondary. The area of cross-section of the solenoids is 4 cm?. 


Calculate the mutual inductance. Primary is tightly kept inside the secondary. 


Solution The magnetic field at any point inside the straight solenoid of primary with n, turns 
per unit length carrying a current i, 1s given by the relation, 
B= omi 
The magnetic flux through the secondary of N turns each of area S is given as 
N50; =N (BS )= Uon NP S 
M 2 72% -uon NS 
Hh 


Substituting the values, we get 


M - (An x 107 (5) (200) (4 x 107) 
107 
=5.0x 10“ H Ans. 


© Example 27.20 Two solenoids A and B spaced close to each other and sharing 
the same cylindrical axis have 400 and 700 turns, respectively. A current of 
3.50 A in coil A produced an average flux of 300 uT-m? through each turn of A 
and a flux of 900 uT-m? through each turn of B. 
(a) Calculate the mutual inductance of the two solenoids. 
(b) What is the self-inductance of A? 
(c) What emf is induced in B when the current in A increases at the rate of 0.5 A/s? 


Solution (a) m=% B 9s 
ly 
_ (700) (90x 10%) 
3.5 
-18x10?H Ans. 
N 
() L, - 2494 
14 


.. (400) (300x 10% ) 
$5 
2343x107? H Ans. 
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(c) eg =M (<4) 
= (1.8x 10? ) (0.5) 
-9.0x10? V Ans. 
INTRODUCTORY EXERCISE 


1. Calculate the mutual inductance between two coils when a current of 4 A changes to 12 A in 
0.5 sin primary and induces an emf of 50 mV in the secondary. Also, calculate the induced emf 
in the secondary if current in the primary changes from 3 A to 9 A is 0.02 s. 

2. A coil has 600 turns which produces 5 x 10? Wb/ turn of flux when 3 A current flows in the wire. 
This produced 6 x 10? Wb/turn in 1000 turns secondary coil. When the switch is opened, the 
current drops to zero in 0.2 s in primary. Find 
(a) mutual inductance, 

(b) the induced emf in the secondary, 
(c) the self-inductance of the primary coil. 

3. Two coils have mutual inductance M = 3.25 x 10^ H. The currenti, in the first coil increases at a 
uniform rate of 830 A/s. 

(a) What is the magnitude of the induced emf in the second coil? Is it constant? 


(b) Suppose that the current described is in the second coil rather than the first. What is the 
induced emf in the first coil? 


27.8 Growth and Decay of Current in an L-R Circuit 
Growth of Current 


Let us consider a circuit consisting of a battery of emf E, a coil of | 
self-inductance L and a resistor R. The resistor R may be a separate circuit | S; 
element, or it may be the resistance of the inductor windings. By closing 
switch S,, we connect R and L in series with constant emf E. Let i be the 
current at some time t after switch S, is closed and di/dt be its rate of increase . 
at that time. Applying Kirchhoff's loop rule starting at the negative terminal 
and proceeding counterclockwise around the loop 


i 


. di =e 
E-Va -Vw 70 or E-iR-L7 =0 & 7 0090007 
i di tdt OE mu Fig. 27.47 
Í zt i=— (l-e 4) 
OE-iR IL R 


By letting E/R = iy and L/R -1, , the above expression reduces to 
i-iy(1—e 1) 


Here, ij = E/R is the current at t = co. It is also called the steady state current or the maximum current 
in the circuit. 
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L. R € : 
And t, —— is called time constant of the L-R circuit. At a time 
equal to one time constant the current has risen to (1 — 1/e) or about 
63% of its final value i. 
The i-t graph is as shown in figure. 


Note that the final current ij does not depend on the inductance L, it 
is the same as it would be if the resistance R alone were connected 
to the source with emf £. 


Let us have an insight into the behaviour of an L- R circuit from 
energy considerations. 


Fig. 27.48 


The instantaneous rate at which the source delivers energy to the circuit (P = Ei) is equal to the 
instantaneous rate at which energy is dissipated in the resistor (= i? R) plus the rate at which energy is 


di 
stored in the inductor | = iV; -Li- | or E ui 
dt dt \2 


Thus, 


Decay of Current 


Now suppose switch S, in the circuit shown in figure has been 
closed for a long time and that the current has reached its steady 
state value i). Resetting our stopwatch to redefine the initial time 
we close switch S, at time t — 0 and at the same time we should 
open the switch S to by pass the battery. The current through L 
and R does not instantaneously go to zero but decays 
exponentially. To apply Kirchhoff's loop rule and to find current in 
the circuit at time ¢, let us draw the circuit once more. 


Applying loop rule we have, 
(Va Vo) t Up ¥e)=0 


iR ZEE 
dt 


or 


Note Don't bother about the sign of z 


Bag 
b X 

i di R pt 

aa 
i sige! 


i i 


WTI —.— 
a R b L c 
Fig. 27.49 

(as V, =V.) 


L. ; : "m ; 
where, 1, = E is the time for current to decrease to 1/ e or about 37% of its original value. The i-t graph 


is as shown in Fig. 27.49." 
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The energy that is needed to maintain the current during this decay is provided by energy stored in the 
magnetic field. Thus, the rate at which energy is dissipated in the resistor — rate at which the stored 
energy decreases in magnetic field of inductor 


or PR-- T-Sh) ul- 2 
dt 


or 


PEN. 


Fig. 27.50 


© Example 27.21 A coil of resistance 20 Q and inductance 0.5 H is switched to 
DC 200 V supply. Calculate the rate of increase of current 
(a) at the instant of closing the switch and 
(b) after one time constant. 
(c) Find the steady state current in the circuit. 
Solution (a) This is the case of growth of current in an L-R circuit. Hence, current at time f is 
given by 
ae") 
Rate of increase of current, 


di i —t/T 
SE 0B IL 


dt T; 
di iy E/R E 
dt t LR L 


Att=0, 


Substituting the value, we have 
ge. 400 A/s Ans. 
dt 0.5 
(b) Att— 1; , 
T (400)e! = (0.37) (400) 
t 


= 148 A/s Ans. 
(c) The steady state current in the circuit, 
(ca gu Ans. 
R 20 
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© Example 27.22 A 5 H inductor is placed in series with a 10 Q resistor. An emf 


of 5 V being suddenly applied to the combination. Using these values prove the 
principle of conservation of energy, for time equal to the time constant. 


Solution At any instant t, current in L-R circuit is given as 


i=iọ lee ) 
Here, ig P and Tr ae 
R R 
After one time constant (t = t; ), current in the circuit is 
me 1 ee 1 l =0.316A 
R e 10 e 


The rate at which the energy is delivered by the battery is 


P, = Ei = (5) (0.316)= 1.58 W ...(1) 
At this time rate by which energy is dissipated in the resistor is 
P, = i? R = (0.316)? (10) = 0.998 W ...(ii) 


The rate at which energy is stored in the inductor is 


Be (e)ul) 
dt V2 dt 


Here, —=—e =— (after one time constant) 
dt T; eL 
Substituting the values, we get 
A(E) Ei 
Ia axo ise 
eL e 
1950986. 9 50 ...(iii) 
2.718 
From Eqs. (i), (ii) and (iii), we have 


It is the same as required by the principle of conservation of energy. 


INTRODUCTORY EXERCISE 
1. Show that = has units of time. 


2. Acoil of inductance 2 H and resistance 10 Q are in a series circuit with an open key and a cell of 
constant 100 V with negligible resistance. At time t =0, the key is closed. Find 
(a) the time constant of the circuit. 
(b) the maximum steady current in the circuit. 
(c) the current in the circuit att = 1s. 

3. Inthe simple L-R circuit, can the emf induced across the inductor ever be greater than the emf of 
the battery used to produce the current? 
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27.9 Oscillations in L-C Circuit 


If a charged capacitor C is short-circuited through an inductor L, the charge and current in the circuit 
start oscillating simple harmonically. If the resistance of the circuit is zero, no energy is dissipated as 
heat. We also assume an idealized situation in which energy is not radiated away from the circuit. 
With these idealizations-zero resistance and no radiation, the oscillations in the circuit persist 
indefinitely and the energy is transferred from the capacitor's electric field to the inductor's magnetic 
field and back. The total energy associated with the circuit is constant. This is analogous to the 
transfer of energy in an oscillating mechanical system from potential energy to kinetic energy and 
back, with constant total energy. Later, we will see that this analogy goes much further. 

Let us now derive an equation for the oscillations in an L-C circuit. 


4> 


t=0 b¢ t=t $C 
+ + 
C— qo B LI B 
cA y ERE 
S S 
(a) (b) 
Fig. 27.51 


Refer figure (a) A capacitor is charged to a PD, Vp = qqC 


Here, qo is the maximum charge on the capacitor. At time f =0, it is connected to an inductor through 
a switch S. At time t =0, switch S is closed. 

Refer figure (b) When the switch is closed, the capacitor starts discharging. Let at time t charge on 
the capacitor is q (<q,) and since, it is further decreasing there is a current i in the circuit in the 
direction shown in figure. Later we will see that, as the charge is oscillating there may be a situation 
when q will be increasing, but in that case direction of current is also reversed and the equation 
remains unchanged. 


The potential difference across capacitor = potential difference across inductor, or 


a 


q di 
—-L|— sa 
C E Q 
, (dq 
Now, as the charge is decreasing, i- ue 
di d ^g 
Or Sos 
dt dt? 
2 
Substituting in Eq. (1), we get ect sa 
C dt? 


490 


Electricity and Magnetism 


2 


dd : i ; : x 
This is the standard equation of simple harmonic motion (s =— or | 
dt 


1 


VLC 


q =, cos (Ot +6) 
For example in our caseo =0 as q= qņọ att=0. 


Here, 


The general solution of Eq. (ii), is 


Hence, q = Cos Mt 


...(iii) 


...(iv) 


Thus, we can say that charge in the circuit oscillates simple harmonically with angular frequency 


given by Eq. (iii). Thus, 
1 (0) 1 


" f = = 
VLC 2n 2nVLC 


Q= 


and gest 
f 


-2nXLC 


The oscillations of the L-C circuit are an electromagnetic analog to the mechanical oscillations of a 


block-spring system. 


Table below shows a comparison of oscillations of a mass-spring system and an L-C circuit. 


Table 27.1 
S.No. Mass spring system Inductor-capacitor circuit 
1. Displacement (x) Charge (q) 
Velocity (v) Current (/) 
Acceleration (a) Rate of change of current (2) 
4. d?x 2 k d'q 2 1 
ae X where w= | " Er 
5. x=Asin(@@t + 6) or x= Acos (at + 4) q =o sin (at + 6) or g =q cos (ot + Q) 
6. ya A? — x? i=% -afg — 9? 
dt at 
7 a=” e gx Rate of change of current = B ets og 
at dt 
8. Kinetic energy = zn Magnetic energy = tu : 
9. Potential energy = 1k? Potential energy = 19? 
2 2C 
10: zn * ze = constant = aha = Ema ju + iv = constant = 1. lien 
11. | Vmax! = A@ imax =U 


12 [al =arA 


13. C 


3 51+ 


14. 


di : 
ial =O 
(4 N "d 
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A graphical description of the energy transfer between the inductor and the capacitor in an L-C circuit 
is shown in the figure. The right side of the figure shows the analogous energy transfer in the 
oscillating block-spring system. 


Vmax 


(e) 


Fig. 27.52 
Note In L-C oscillations, q, i and E all oscillate simple harmonically with same angular frequency o. But the 


phase difference between q and i or between i and a is > while that between i and £ is n. Their 


amplitudes are qo, qg® and oq, respectively. So, now suppose 
q = qo cos wt, then 


. dq ; 

i = — =- qw sin ot and 
: dt qo 
E nc qq? cos wt 


dt 
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Similarly, potential energy across capacitor (U-) and across inductor (U,) also oscillate with double the 
frequency 20 but not simple harmonically. The different graphs are as shown in Fig. 27.52. 


q Uc 
do t A max 
ANS 2C 
: ; r t 
| 0 NANS 
2 
3 t 
I T 3T rf 
4 2 14 
Fig. 27.53 


© Example 27.23 A capacitor of capacitance 25 uF is charged to 300 V. It is then 
connected across a 10 mH inductor. The resistance in the circuit is negligible. 


(a) Find the frequency of oscillation of the circuit. 

(b) Find the potential difference across capacitor and magnitude of circuit current 
1.2 ms after the inductor and capacitor are connected. 

(c) Find the magnetic energy and electric energy at t= Oand t = 1.2 ms. 

Solution (a) The frequency of oscillation of the circuit is 


1 
dis 2n LC 


Substituting the given values, we have 
1 


2n (10x 102? ) (25x 105) 


= 318.3 Hz Ans. 


(b) Charge across the capacitor at time t will be 
d=) cost and i--qgOsinot 
Here, gy = CV, = (25x10 $) (300) = 7.5x10? C 
Now, charge in the capacitor after ¢ = 1.2 x 10? s is 
q= (7.5x10? )cos (21 x 318.3) (12x 10? ) C 
=-5.53x 10° C 


lg] | 5.53 x 10° 
C 25x10% 


-. PD across capacitor, V = = 221.2 volt Ans. 


The magnitude of current in the circuit at t = 1.2 x 10? s is 
|i |= qo@ sin t 
= (7.5 x 10? ) (2m) (318.3) sin (27 x 318.3) (12x 10? ) A 
=10.13A Ans. 
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(c) At£ — 0 Current in the circuit is zero. 
Hence, U, =0 


Charge in the capacitor is maximum. 


2 
Hence, Ue 140 
2C 
_ 1 05x 10°)? 
2 (25x10°) 


or Uc 


=1.125J 
~ Total energy, E-U, +Uç =1.125J 
At t= 1.2 ms 


Lees 
U; TH) 


= (10x 10°) (10.13) 
= 0.513 J 
Uç -E-U, =1.125- 0.513 


=0.612J 


Otherwise Uç can be calculated as 
Uu, -l4. 
23€ 
L1, (553x 1077 
2 (05x10 *) 


= 0.612J 


INTRODUCTORY EXERCISE 
. Show that VLC has units of time. 
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Ans. 


Ans. 


. While comparing the L-C oscillations with the oscillations of spring-block system, with whom the 


magnetic energy can be compared and why? 
. In an L-C circuit, L 20.75 Hand C = 18 uF, 


(a) At the instant when the current in the inductor is changing at a rate of 3.40 A/s, what is the 


charge on the capacitor? 


(b) When the charge on the capacitor is 4.2 x 10% C, what is the induced emf in the inductor? 


. An L-C circuit consists of a 20.0 mH inductor and a 0.5uF capacitor. If the maximum 
instantaneous current is 0.1 A, what is the greatest potential difference across the capacitor? 
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21.10 Induced Electric Field 


When a conductor moves in a magnetic field, we can understand the induced emf on the basis of 
magnetic forces on charges in the conductor as described in Art. 27.5. But an induced emf also occurs 
when there is a changing flux through a stationary conductor. What is it that pushes the charges 
around the circuit in this type of situation? 


X X X X 

X X X 

X X X Xx 
Fig. 27.54 


As an example, let's consider the situation shown in figure. A conducting circular loop is placed in a 
magnetic field which is directed perpendicular to the paper inwards. When the magnetic field 
changes with time (suppose it increases with time) the magnetic flux $5 also changes and according 


d 
to Faraday’s law the induced emf e = — x is produced in the loop. If the total resistance of the loop 
is R, the induced current in the loop is given by 


i=- 
R 


But what force makes the charges move around the loop? It can’t be the magnetic force, because the 
charges are not moving in the magnetic field. 


Fig. 27.55 


Actually, there is an induced electric field in the conductor caused by the changing magnetic flux. 

This electric field has the following important properties: 

1. Itis non-conservative in nature. The line integral of E around a closed path is not zero. This line 
integral is given by 

dO, 


pE- dl=- 2 


...(i) 


Note that this equation is valid only if the path around which we integrate is stationary. 
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2. Because of symmetry, the electric field E has the same magnitude at every point on the circle and 
is tangent to it at each point. The directions of Eat several points on the loop are shown in figure. 


3. Being a non-conservative field, the concept of potential has no meaning for such a field. 


4. This field is different from the electrostatic field produced by stationary charges (which is 
conservative in nature). 


5. The relation F = gE is still valid for this field. 

6. This field can vary with time. 

So, a changing magnetic field acts as a source of electric field of a sort that we cannot produce 
with any static charge distribution. This may seen strange but its the way nature behaves. 


Note 1. For symmetrical situations (as shown in figure) Eq. (i), in simplified form can be written as 


El = i 
dt 


zi: 
dt 


Here, | is the length of closed loop in which electric field is to be calculated and S is the area in which 
magnetic field is changing. 
2. Direction of electric field is the same as the direction of induced current. 


6 Example 27.24 The magnetic field at all points within the cylindrical region 
whose cross-section is indicated in the accompanying figure start increasing at a 
constant rate o, T/s. Find the magnitude of electric field as a function of r, the 
distance from the geometric centre of the region. 


Fig. 27.56 


Solution For rzR 


Using g-sE or E(mr)- (nr) )a 
t 


Fig. 27.57 


ea 
2 
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Ee r, i.e. E-r graph is a straight line passing through origin. 


At r=R, p= 


Forr=>R 


xA j 


a 


Fig. 27.58 


Using El= S Z 


* 


E (2n) = (TR? ) (a) 
aR? 
2r 


E= 


E œ E , Le. E-r graph is a rectangular hyperbola. 
r 


The E-r graph is as shown in figure. 


AE 


>r 


Fig. 27.59 
The direction of electric field is shown in above figure. 


© Example 27.25 A long thin solenoid has 900 turns/metre and radius 2.50 cm. 


The current in the solenoid is increasing at a uniform rate of 60 Als. What is the 
magnitude of the induced electric field at a point? 


(a) 0.5 cm from the axis of the solenoid. 
(b) 1.0 em from the axis of the solenoid. 
Solution *- B=\oni 


= (4x x 1077 ) (900) (60) 
= 0.068 T/s 
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Using the result of electric field derived in above problem (as both points lie inside the solenoid). 
E=} (=) 
2\ dt 
-2 
(a) E- (e) (0.068) 1.7x 107 * V/m 


(b) E= (0.068)= 3.4 x 1074 V/m 


(1.0x 107 ) 
2 


INTRODUCTORY EXERCISE 


1. Along solenoid of cross-sectional area 5.0 cm? is wound with 25 turns of wire per centimetre. It 
is placed in the middle of a closely wrapped coil of 10 turns and radius 25 cm as shown. 


Fig. 27.60 


(a) What is the emf induced in the coil when the current through the solenoid is decreasing at a 
rate —0.20 A/s? 
(b) What is the electric field induced in the coil? 
2. For the situation described in figure, the magnetic field changes with time according to 
B = (2.00t? —4.001? + 0.8)T and n -2R -5.0 cm 


Fig. 27.61 


(a) Calculate the force on an electron located at P; att - 2.00 s 


(b) What are the magnitude and direction of the electric field at P, when t 23.00 s and 
n =0.02 m. 


Hint: For the direction, see whether the field is increasing or decreasing at given times. 
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Final Touch Points 


1. 


Eddy currents When a changing magnetic flux is applied to a piece of conducting material, 
circulating currents called eddy currents are induced in the material. These eddy currents often have 
large magnitudes and heat up the conductor. 


When a metal plate is allowed to swing through a strong magnetic field, then in entering or leaving the 
field the eddy currents are set up in the plate which opposes the motion as shown in figure. The 
kinetic energy dissipates in the form of heat. The slowing down of the plate is called the 
electromagnetic damping. 


The electromagnetic damping is used to damp the oscillations of a galvanometer coil or chemical 
balance and in braking electric trains. Otherwise, the eddy currents are often undesirable. To reduce 
the eddy currents some slots are cut into moving metallic parts of machinery. These slots intercept 
the conducting paths and decreases the magnitudes of the induced currents. 


. Back EMF of Motors An electric motor converts electrical energy into mechanical energy and is 


based on the fact that a current carrying coil in a uniform magnetic field experiences a torque. As the 
coil rotates in the magnetic field, the flux linked with the rotating coil will change and hence, an emf 
called back emf is produced in the coil. 


When the motor is first turned on, the coil is at rest and so there is no back emf. The 'start up' current 
can be quite large. To reduce 'start up' current a resistance called 'starter' is put in series with the 
motor for a short period when the motor is started. As the rotation rate increases the back emf 
increases and hence, the current reduces. 


Electric Generator or Dynamo A dynamo converts mechanical energy (rotational kinetic energy) 
into electrical energy. It consists of a coil rotating in a magnetic field. Due to rotation of the coil 
magnetic flux linked with it changes, so an emf is induced in the coil. 


x x Y 9 x x 
x x , x x 
x x x x 
x x x x 


Suppose at time t = 0, plane of coil is perpendicular to the magnetic field. 
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The flux linked with it at any time t will be given by 


o = NBA cos ot (N = number of turns in the coil) 
e =- IÈ - NBAo sin wt 
dt 
or e = 6g sin ot 
where, ego = NBA o 


. Transformer It is a device which is either used to increase or decrease the voltage in AC circuits 
through mutual induction. A transformer consists of two coils wound on the same core. 
Laminated sheets 


Iron core 


The coil connected to input is called primary while the other connected to output is called secondary 
Coil. An alternating current passing through the primary creates a continuously changing flux through 
the core. This changing flux induces an alternating emf in the secondary. 


As magnetic lines of force are closed curves, the flux per turn of primary must be equal to flux per turn 
of the secondary. Therefore, 


$e _ 0s 

Ns Ns 
Or Lb wor T onde (ss ex S2) 
Np dt N; dt dt 

es _ Ns 

ep Np 


In an ideal transformer, there is no loss of power. Hence, 

ei = constant 

es Ns _ Ip 

Bp Ma ds 
Regarding a transformer, the following are few important points. 

(i) In step-up transformer, Ns > Np. It increases voltage and reduces current 
(ii) In step-down transformer, Np > Ns. It increases current and reduces voltage 
(iii) It works only on AC 
(iv) A transformer cannot increase (or decrease) voltage and current simultaneously. As, 

ei —- constant 

(v) Some power is always lost due to eddy currents, hysteresis, etc. 


solved Examples 


TYPED PROBLEMS 


Type 1. Based on Faraday's and Lenz's law 


Concept 
Problems of induced emf or induced current can be solved by the following two methods. 
Method 1 Magnitudes are given by 


lel = dog and |i|= lel 
dt R 
Direction is given by Lenz's law. 
Method 2. Magnitudes are given by 
2 
le|=|Bull or et =| 22] and i-r 


Direction is given by right hand rule. 


Note Inthe first method, we have to first find the magnetic flux passing through the loop and then differentiate it 
with respect to time. Second method is simple but it can be applied if and only if some conductor is either in 
translational or rotational motion. 


6 Example 1 Current in a long current carrying wire is 


I-2t 
A conducting loop is placed to the right of this wire. Find A E i 
(a) magnetic flux dp passing through the loop. 
(b) induced emf |e| produced in the loop. a B 
(c) if total resistance of the loop is R, then find induced current 


I 


Solution Here, no conductor is in motion. So, we can apply only method-1. Further, magnetic 
field of straight wire is non-uniform. Therefore, magnetic flux can be obtained by integration. 


in the loop. 


in 
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(a) At a distance x from the straight wire, magnetic field is 


pau [in ® direction ] 
2n x 
Let us take a small strip of width dx. 
. Area of this strip is 
dS = c (dx) 


Now, dS can also be assumed inwards. Or, angle between B and dS may be assumed to be 0°. 
Therefore, small magnetic flux passing through the loop is 


doz = BdS cos 0° 


Total magnetic flux is 


= fe dis 


= jor? (Halt) 
a 2n ) x 


Substituting the values of I, we get 


Op = Hatt a(S") Ans. 
n a 
(b) lei - | 265 |... d Hott m (2*2) 
| dt | dtl n a 
Hol, (=) Ans. 
T a 


(c) Induced current, 


Note The main current I (=2 t) is increasing with time. Hence, & magnetic field passing through the loop will also 
increase. So, induced current li, will produce © magnetic field. Or, induced current is anti-clockwise. 


© Example 2 A constant current I flows through a long straight wire as shown in 
figure. A square loop starts moving towards right with a constant speed v. 


(a) Find induced emf produced in the loop as a function of x. 
(b) If total resistance of the loop is R, then find induced current in the loop. 
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Note In this problem, loop is in motion therefore both methods can be applied. 
Solution Method 1 
(a) Using the result of magnetic flux obtained in Example-1, we have 


a = Hom [ 22t) 
20 a 


Here, a=x,b=c=a 
Substituting the values, we get 


a 
a 
Now, jel =| 2% = tal ( 2 (3) A 
x+a 


Putting nm = y, we have 
dt 
2 
leli= Hola u Ans. 
2nx (x + a) 


(b) Induced current, 
2 
in = Boe Ans. 
R 2nRx(x+ a) 


Note Near the wire (towards right) value of ® magnetic field is high. So, the loop is moving from higher magnetic 
field to lower magnetic field. or, & magnetic field passing through the loop is decreasing. Hence, induced 
current will produce & magnetic field or it should be clockwise.. 


Method 2 
—v 
IA E €2 
L T 
n-— sn Ó 
x*a 


2n 
I 
e = Baul = Po va 
2n x+a 
& > 6 
Ulva (1 1 
Cnet = € 
BE TE ^ E x+a 
_ _Molva? 
2nx (x + a) 


This is the same result as was obtained in Method 1. 
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© Example 3 A conducting circular ring is rotated with angular C 
velocity œ about point A as shown in figure. Radius of ring is a. 
Find 
(a) potential difference between points A and C 
(b) potential difference between the points A and D. 


: l l Bol” 
Solution Here, the loop is rotating. So, we can applying e = B A Jo 


(a) C 


eB 


VS 
A Jo 
Using right hand rule, we can see that 
Vo > Va 
Bof? Bo 2a)” 
2. #2 | 


Vo -Va= 2Boa? Ans. 


(b) 
eB 


D 
Af) 


A Jo 
Using right hand rule, we can see that 
Vp» Va 
Bol? _ Bo W2 a)? 
2 2 


= Boa? Ans. 


Vp - Và 


Type 2. Based on potential difference across an inductor 


© Example 4 Two different coils have self-inductances L,= 8 mH and L,- 2 mH. 
The current in one coil is increased at a constant rate. The current in the second 
coil is also increased at the same constant rate. At a certain instant of time, the 
power given to the two coils is the same. At that time, the current, the induced 
voltage and the energy stored in the first coil are i,, V, and Wirespectively. 
Corresponding values for the second coil at the same instant are is, V, and W, 


respectively. Then, (JEE 1994) 
mE . 

(a) == (b) 1-4 
ly 4 l2 


WwW 1 5 c4 
OF, Oy 
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Solution Potential difference across an inductor : 


V « L, if rate of change of current is constant (v =-L 4 


or 


V; D, 2 1 


WV L 84 


Mi 


V2 


Power given to the two coils is same, 1.e. 


or 


Energy stored, W = ; Li? 


=4 


Vii = Vi; 
h Val 


iy Vy 4 


W, _( Ly) (is) _ (es 
W, jii 4 
or NM it 
W, 4 
The correct options are (a), (c) and (d). 
© Example 5 In the figure shown, i, 210 € A, i, - 4 Aand Vo =3e™' V. 
Determine (JEE 1992) 
ae eC 
(a) ij, and V; (b) Vao Vay and V. 
Solution (a) Charge stored in the capacitor at time f, 
q= CVo tic 
+ 
= Q) Be”) =q 
-6e? C 4 
= 44. ip A 
d 


Applying junction rule at O, 


(Direction of current is from b to O) 


i, =i, + ig + i, =100% + 4-126" 


=E JA 


= [24 


-2—e6*)A Ans. 
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i; versus time graph is as shown in figure. 


>t 


i; increases from 2 A to 4 A exponentially. 


di d E 
V, =Vog =L =(4 4 — 2e? 
L= Voa d Oy e^) 


2166? V Ans. 
V; versus time graph is as shown in figure. 
V(V) 
16 


>t 


V; decreases exponentially from 16 V to 0. 
(b) V, 2V, - Ve 
Va- HR, + ih = V. 


^ Va — Ve = Vac = Ry — iR 4 VaV) 
Substituting the values, we have 

Vae = 1067) 2) - 4) Q) : 

Vie = Q0e * —12) V 
At t =0, V,, =8 Vand at t =, Vac =—12V >t 
Therefore, V e decreases exponentially from 8 V to —12 V. 
Vis V, - V, 

Va- hy + Ve =V, M) NE 

^ Va — Vy = Va = Gh — Vc 
Substituting the values, we have 

V, = (10€ 7) 2) - 3e * 
or Va =170”* V Ans. 
Thus, V, decreases exponentially from 17 V to 0. 

VaplV) 


17 


>t 
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V,» versus t graph is shown in figure. 


V, — iR- Vi = Va 

i V, — Va = Va = bola + V; 

Substituting the values, we have 
V, = 4) 8) + 16e * 

or Viq=(2+16e")V Ans. 

At t =0, V.g =28 Vand at t = œ, V; 212 V 

i.e. V.q decreases exponentially from 28 V to 12 V. 

V 


oq Versus t graph is shown in figure. 


>t 


Type 3. Based on L - R circuit 


Concept 


At time £ = 0, when there is zero current in the circuit, an inductor offers infinite resistance 
and at t = œ, when steady state is reached an ideal inductor (of zero resistance) offers zero 
resistance. 

R, 


Thus, in the circuit shown, if switch S is closed at time ¢ = 0, then 
lo = 0 
and E ee at t=0 
R, +R, 
as initially the inductor offers infinite resistance and at t = oo, 
E 
R, 


as in steady state the inductor offers zero resistance. 


ùi =0, while i-is 


© Example 6 For the circuit shown in figure, E = 50V, R} R; 
R, =10 Q, R, =20 Q, R, =30 Q and L =2.0 mH. Find gs—mwm w- 
the current through R, and R}. š 

R, E 


(a) Immediately after switch S is closed. 
(b) A long time after S is closed. 

(c) Immediately after S is reopened. 

(d) A long time after S is reopened. 
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Solution (a) Resistance offered by inductor immediately after switch is closed will be infinite. 
Therefore, current through £ will be zero and 


current through R = current through R, = E 
R + Ry 
= 50 = 5 A Ans. 
10+20 3 


(b) After long time of closing the switch, resistance offered by inductor will be zero. 
In that case R, and R, are in parallel, and the resultant of these two is then in series with R,. 


Hence, 
Pret = R Pa Pooks 
Ry + Ry 
=10+ (20) (30) =220 
20 + 30 
Current through the battery (or through R,) 
= zi D A Ans. 
Ra 22 
This current will distribute in R, and R; in inverse ratio of resistance. Hence, 
Current through R, = (55) Bs 
22) (R + F 
_ (2) 30 | 15 A Am 
22)\30+20) 11 


(c) Immediately after switch is reopened, the current through R, will become zero. 
But current through R, will be equal to the steady state current through R}, which is equal to, 


(5 -32)A -os1A Ans. 
11 
(d) A long after S is reopened, current through all resistors will be zero. 


© Example 7 An inductor of inductance L = 400 mH and resistors of resistances 
R, =2Q and R, =2Q are connected to a battery of emf E=12 V as shown in the 
figure. The internal resistance of the battery is negligible. The switch S is closed 
at time t — 0. 


EL L 
R 
Ó à 
S R, 


What is the potential drop across L as a function of time? After the steady state 
is reached, the switch is opened. What is the direction and the magnitude of 
current through R, as a function of time? (JEE 2001) 
Solution (a) Given, R, = R, =2 Q, E-12 V and L 2400 mH =04 H. 

Two parts of the circuit are in parallel with the applied battery. 


508 ° Electricity and Magnetism 


So, the given circuit can be broken as : 


~ 


(a) (b) 


Now refer Fig. (b) 
This is a simple L-R circuit, whose time constant 
T, = LIR, =°Ź =0.25 
2 
and steady state current 
E 12_ 


ig =— 6A 
R, 2 
Therefore, if switch S is closed at time t =0, then current in the circuit at any time £ will be 
given by 
i(t) = io Q- e) 
i (t) =6(1 — e?) 
=6(1-e°')=i (say) 
Therefore, potential drop across L at any time t is 


pai 


V= : = L(30e°') 2(04)(30)6?! or V-126^?' volt 


(b) The steady state current in L or R, is 
ig =6A 
Now, as soon as the switch is opened, current in R, is reduced to zero immediately. But in L and 
R, it decreases exponentially. The situation is as follows : 


i 


ag d E E! 


R, 


R, | i=0 : 


< E 
t=0 t= 
Sis open 


(c) (d) (e) 


Steady state condition 
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Refer figure (e) 
Time constant of this circuit would be 
3 L 04 


T= = =0.1s 
R +R, @+2) 


-. Current through R, at any time t is 
i = ige "Y =6e-t0 
or i669 A 


Direction of current in R, is as shown in figure or clockwise. 


© Example 8 A solenoid has an inductance of 10 H and a resistance of 2 Q. It is 


connected to a 10 V battery. How long will it take for the magnetic energy to 
reach 1/4 of its maximum value? (JEE 1996) 


Solution U => Lit is. Def 


. 1 ; : : . , 
U will reach 2n of its maximum value when current is reached half of its maximum value. In 


L-R circuit, equation of current growth is written as 
i=ipl—e#*) 


Here, ig = Maximum value of current 
1; = Time constant = L/R 
10 H 
TL ——— -b S 
20 
Therefore, i -igB-ig(— 65) 
or T =1-e" or g'5- = 
2 2 
or -t/5= (5) or £[5-1n(2) 0.693 


t = (5)0693) or 1234655 


© Example 9 A circuit containing a two position switch S is shown in figure. 


^ i 
2UF 1o $Rs 
Ry E 
ANN —3À | 
20 142V 
10 A E R B 
» e 1| AANNAN— è 
2% S 3V 22 30 Re 
PES. 
10 mH 


(a) The switch S is in position 1. Find the potential difference V, — Vg and the rate of 
production of joule heat in R,. 
(b) If now the switch S is put in position 2 at t= 0. Find 


(i) steady current in R, and (ii) the time when current in R, is half the steady value. 
Also calculate the energy stored in the inductor L at that time. 
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Solution (a) In steady state, no current will flow through capacitor. 
20 i 2 uF 


10 mH 


O00 


Applying Kirchhoff’s second law in loop 1, 
-2i + 2 (i — tg) + 12=0 
2i, -4i,2—12 
or i -2i,2—6 ... (1) 
Applying Kirchhoff's second law in loop 2, 
12-2(4-i9)-3-2i, =0 
4i, -2i42—9 ... (i1) 


Solving Eqs. (i) and (ii), we get 
ig=2.5A and i,--1A 


Now, V4+3-2i, 2 Vp or Va -Vg =24 -8 
=2 (-1)-3=-5V 
Po = (i, iR = (-1 - 2.5)? Q) 
=24.5 W 
(b) In position 2 Circuit is as below 
ha 20 
| | ANNNNN 
T 
10 mH 
Steady current in R4, 
p= 266A 
3+2 


Time when current in R, is half the steady value, 
i = io(l — e") 
i = 1/2 at t= to, where 


L (10 x 103) 
5 


fj; 7 5, 02) In @)= In 2) 


-1.386 x10? s 
U => Li? => 00x10?) 0.3) 


=4.5x10'4 J 
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Type 4. Based on L-C oscillations 


© Example 10 In an L-C circuit, L = 3.3 H and C = 840 pF. At t =0, charge on the 
capacitor is 105 uC and maximum. Compute the following quantities at t = 2.0 ms 
(a) The energy stored in the capacitor. 
(b) The total energy in the circuit, 
(c) The energy stored in the inductor. 
Solution Given, L-3.3H, C 2840x10 F and qo 2105 x10 9 C 
The angular frequency of L-C oscillations is 
1 1 


"E 
VLC J3.3x840x 10°? 


-1.9 x 10 rad/s 
Charge stored in the capacitor at time t would be 


q = qo cos wt 
(a) At t=2x10° s, 
q = (105 x 10) cos [1.9 x 104] [2 x 107] 
-100.3 x10 C 
Energy stored in the capacitor, 
ld 
OB 
_ (100.8 x 105»? 
| 2x840x10-7? 


=6.0 J Ans. 


Uc 


(b) Total energy in the circuit, 
1g? (105x109) 
U= = ET. 
2C 2x840x10^7* 
=6.56 J Ans. 
(c) Energy stored in inductor in the given time 


= total energy in circuit — energy stored in capacitor 
= (6.56 — 6.0) J 
=0.56 J Ans. 


© Example 11 An inductor of inductance 2.0 mH is connected across a charged 
capacitor of capacitance 5.0 uF and the resulting L-C circuit is set oscillating at its 
natural frequency. Let Q denotes the instantaneous charge on the capacitor and I 


the current in the circuit. It is found that the maximum value of Q is 200 uC. 
(JEE 1998) 


(a) When Q = 100uUC, what is the value of | dI! dt|? 

(b) When Q= 200uUC, what is the value of I? 

(c) Find the maximum value of I. 

(d) When I is equal to one-half of its maximum value, what is the value of | QI? 
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Solution This is a problem of L-C oscillations. 
Charge stored in the capacitor oscillates simple harmonically as 
Q - Qsin (ot 4 >) 
Here, Q= maximum value of @=200uC 22x10 * C 
1 1 


o= _ 
VLC J@x10)60 x10) 
Let at t 20, Q=Qp, then 
Q(t) = Qo cos at 
I(t)= SO =- Qoo sin ot and 
dt 
dI(t) 2 
—— = — Q0" cos at 
dt Qo 
(a) Q=100uC 
or Qo at cosa@t = z 
2 2 
T 
or ot = — 
3 
1 vis 
At cos of = 5 from Eq. (iii) : 
[a1] -4 4. -1 *(8) 
—!=(.0 x10 “C)(10 = 
di] ( X s) 2 


E -10* A/s 
dt 


(b) Q =200uC or Qo when cosot = 1, i.e. ot 20,2m ... 
At this time I(t) 2 -Qyo sinot 
or I(t)-0 
(c) I(t) 2 -Q0 sin ox 
-. Maximum value of I is Qj © 
Tmax = Qo © = Q.0x10*)00^) 


Inx = 2.0 A 
(d) From energy conservation, 

2 

ij 2 ee TI 

2 2 XC 
or Q-4LC(À,, — P) 

I- Tmax =10A 

2 


Q= {20x 10-*)60 x 10°) @? - 12) 
Q=V3x107C 
or @ =1.732 x10 C 


sigs 


sQ) 
a(i) 


...(ii) 


(sin 0? = sin 2m =0) 
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Type 5. Based on induced electric field 


© Example 12 A uniform but time-varying magnetic field B(t) exists in a circular 
region of radius a and is directed into the plane of the paper as shown. The 
magnitude of the induced electric field at point P at a distance r from the centre 


of the circular region (JEE 2000) 
Bit) 
P 
is 
(a) is zero (b) decreases as 1/r (c) increases as r (d) decreases as Vr? 
Solution [s.a-|2 2g PP iss EQnr) = na? 2B 
dt dt dt 
Forr2a, 
_ a? (ab 
2r | dt 
-. Induced electric field «1/r 
For r<a, 
EGnr) = a e or E 7 BB or Ear 
| dt 2| dt 
At r=a, E- Er 
2 idt 


Therefore, variation of E with r (distance from centre) will be as follows 


>. 


The correct option is (b). 


© Example 13 The magnetic field B at all points within a ae 
circular region of radius R is uniform in space and directed 
into the plane of the page in figure. If the magnetic field is 
increasing at a rate dB/dt, what are the magnitude and 
direction of the force on a stationary positive point charge q 
located at points a, b and c? (Point a is a distance r above the 
centre of the region, point b is a distance r to the right of the 
centre, and point c is at the centre of the region.) 


x X OX XDX Xxx 
x X OX KIK Xxx 
x 
c 
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Solution Inside the circular region at distance r, 


n= 2 -s( o 
dt 


E rr) = (nr?). T 


| r dB 
2 dt 
Feqe- i 2B 
2 dt 
At points a and b, distance from centre is r. 
_ qr dB 
2 dt 
At point C, distance r=0 
F=0 


® magnetic field is increasing. Hence, induced current in an imaginary loop passing through a 
and b should produce © magnetic field. Hence, induced current through an imaginary circular 
loop passing through a and b should be anti-clockwise. Force on positive charge is in the 
direction of induced current. Hence, force at a is towards left and force at b is upwards. 


Type 6. Based on motion of a wire in uniform magnetic field with other element like resistance, 
capacitor or an inductor 


Concept p " 


Q 


A constant force F is applied on wire PQ of length l and mass m. There is an electrical 
element X in the box as shown in figure. There are the following three different cases : 


Case1 If Xis a resistance, then velocity of the wire increases exponentially. 
Case2 If Xisa capacitor, then wire moves with a constant acceleration a (< F/m). 


Case3, If Xis an inductor and instead of constant force F an initial velocity v, is given to 
the wire then the wire starts simple harmonic motion with ug as the maximum velocity 
(= œA) at mean position. 


© Example 14 In the above case if X is a resistance R, then find velocity of wire as 
a function of time t. 
Solution At time t suppose velocity of wire is v, then due to motional emf a current i flows in 
the closed circuit in anti-clockwise direction. 
Bul 


£ 
R R 
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Due to this current magnetic force will act on the wire in the direction shown in figure, 


eB 


2 72 
net 7 F F, = F S : = E 
R dt 
U d ] rt 
i, E 12 = m [.d 
F- | | U 
R 
Solving this equation, we get 
FR B2 
— t 
v= B ( =g mR ) 
Thus, velocity of the wire increases exponentially. v-t graph is as shown below. 
v 
FR | 
BR Ao 


© Example 15 If X is a capacitor C, then find the constant acceleration a of the 
wire. 


Solution At time t suppose velocity of wire is v. Then, due to motional emf e = Bul capacitor 
gets charged . 


q=CV =C (Bul) 


This charge is increasing as v will be increasing. 
Hence, there will be a current in the circuit as shown in figure. 
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Or i-(BlC)a [as =a) 


Due to this current a magnetic force F,, will act in the direction shown in figure, 
FE, -ilB- (B'IC)a 


Now, 
Fiet -F-F. 
or ma =F - (BC) a 
i Ans. 
m+ BIC 


Now, we can see that this acceleration is constant but less than F/m. 


© Example 16 A pair of parallel horizontal conducting rails of negligible 
resistance shorted at one end is fixed on a table. The distance between the rails is 
L. A conducting massless rod of resistance R can slide on the rails frictionlessly. 
The rod is tied to a massless string which passes over a pulley fixed to the edge of 
the table. A mass m tied to the other end of the string hangs vertically. A constant 
magnetic field B exists perpendicular to the table. If the system is released from 
rest, calculate (JEE 1997) 


(a) the terminal velocity achieved by the rod and 
(b) the acceleration of the mass at the instant when the velocity of the rod is half the 
terminal velocity. 
Solution (a) Let v be the velocity of the wire (as well as block) at any instant of time t. 
Motional emf, e= BuL 
Motional current, i = =e aul 
r R 


and magnetic force on the wire 


272 
R,-iLB- vB'L 
R 
Net force on the system at this moment will be 
272 
Fig -mg-F,-mg- ue 
vB’? 
or ma = mg — 
R 
| vB? 


T ...(i) 
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Velocity will acquire its terminal value, i.e. v= v; when 


F et Or acceleration a of the particle becomes zero. 
272 
Thus, jag: BE 
mR 
mgR 
T TUBE 
U mgR 
b) When vz-Lz 
b) 2 -SBT 


Then from Eq. (i), acceleration of the block, 


or C= 


Example 17 A loop is formed by two parallel conductors connected by a solenoid 
with inductance L and a conducting rod of mass m which can freely (without 
friction) slide over the conductors. The conductors are located in a horizontal 
plane in a uniform vertical magnetic field B. The distance between the conductors 
is l. 


At the moment t =0, the rod is imparted an initial velocity vg directed to the 
right. Find the law of its motion x (t) if the electric resistance of the loop is 
negligible. 

Solution Let at any instant of time, velocity of the rod is v towards right. The current in the 
circuit is i. In the figure, 


a i d 
e) 
Fa — 
AN 
b C 
V.-V,=Va V, 
or [ae | (as v= =) 
dt dt dt 


i.e. Ldi = Bldx 
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Integrating on both sides, we get 


Li = Blx 
. Bi : 
Oo ——X sra 
r l L (i) 


Magnetic force on the rod at this instant is 


272 
Pein y 


s (ii) 


Since, this force is in opposite direction of v, so from Newton’s second law we can write 


d?x B 
m 2 L—— x 
dt? L 


d?x BÊ 
or M a B 
dt? mL 
Comparing this with equation of SHM, 
d?x 2 
—,7-0x 
dt 
Bl 
We have, o = —— 
4mL 
Therefore, the rod will oscillate simple harmonically with angular frequency o = EUM At time 


J/mL 


t — 0, rod was at x - 0 and it was moving towards positive x-axis. Hence, x-t equation of the rod is 
x- Asinot ...(ii1) 


; d. 
To find A, we use the fact that at t 20, vor a has a value up. Hence, 


E. v= AQ cos wt 
dt 
or AQ = ug (at t =0) 
or A=" 
o 


Substituting in Eq. (iii), we have 


x= Do sin ot, where @ = -BL Ans. 
o 4mL 
Alternate method of finding A 
At x= A, v=0, i.e. whole of its kinetic energy is converted into magnetic energy. Thus, 
lg mu, 
2 2 
Substituting value of i from Eq. (i), with x= A, we have 
2 
L F a) -mu 
L 
or A= Wee Ug = Yo 
Bl (O) 
Bl 
as O = —— Ans. 
4mL 


Miscellaneous Examples 


© Example 18 A sensitive electronic device of resistance 175 Q is to be connected 

to a source of emf by a switch. The device is designed to operate with a current of 
36 mA, but to avoid damage to the device, the current can rise to no more than 
4.9 mA in the first 58 us after the switch is closed. To protect the device it is 
connected in series with an inductor. 
(a) What emf must the source have? 
(b) What inductance is required? 
(c) What is the time constant? 
Solution (a) Given, R 2175 Q and peak value current 

io 36x10? A 

Applied voltage, V = iR = (175) (86 x 10?) volt 26.3 V Ans. 

(b) From the relation, 

i =i l- 6 75) 


We have, (4.9) = (36) [1 — e " 1] 
or giu c1 4? -0.864 
36 
+ -— In (0.864) 20.146 
TL 
t 
or —— =0.146 
LIR 
BE =0.146 
L 
Rt _ (175) 68x10 5) 
0.146 0.146 
=7.0x107H Ans. 
(c) Time constant of the circuit, 
L 10xi0* 
TL —— ——— 
R 175 
=4.0x107 Ans. 
© Example 19 A conducting rod shown in figure of x x x x 


mass m and length l moves on two frictionless 
horizontal parallel rails in the presence of a uniform 
magnetic field directed into the page. The rod is given 
an initial velocity vg to the right and is released at 

t — 0. Find as a function of time, x x x x 
(a) the velocity of the rod 

(b) the induced current and 

(c) the magnitude of the induced emf. 
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HOW TO PROCEED The initial velocity will produce an induced emf and hence, an 
induced current in the circuit. The current carrying wire will now experience a 
magnetic force (F „) in opposite direction of its velocity. The force will retard the 
motion of the conductor. Thus, 

Initial velocity —^ motional emf — induced current > magnetic force > retardation. 
Solution (a) Let vbe the velocity of the rod at time t. 

Current in the circuit at this moment is 
j- Bol 
R 

From right hand rule, we can see that this current is in counterclockwise direction. 
The magnetic force is, 


..(i) 


272 
Recipe a 
R 


Here, negative sign denotes that the force is to the left and retards the motion. This is the only 
horizontal force acting on the bar, and hence, Newton’s second law applied to motion in 
horizontal direction gives 


dv, B 
d 57 joa OB 
272 
dv - Bl d 
U mR R š yv 
Integrating this equation using the initial condition that, Fm 4 
v= ug at t =0, we find that > : 
2; , 
M BU I BT [ai 
vo U mR /0 
Solving this equation, we find that 
v=ue"* ...(ii) Ans. 
R 
where, T= zm 


This expression indicates that the velocity of the rod decreases exponentially with time under 
the action of the magnetic retarding force. 


. Bul 
iii: 
Substituting the value of v from Eq. (ii), we get 
i= Bh et Ans. 
R 
(c) e=iR= Blue "^ Ans. 


i and eboth decrease exponentially with time. v-t, i-t and e-t graphs are as shown in figure 
i 


Vo Blvg Blvg 


R 
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Alternate solution This problem can also be solved by energy conservation principle. Let at 
some instant velocity of the rod is v. As no external force is present. Energy is dissipated in the 
resistor at the cost of kinetic energy of the rod. Hence, 


(- bl = power dissipated in the resistor 
d G ? e 
or =| = = 
dt \2 R 
272,2 
or tile (as e= Bul) 
dt R 
212 
dv. BT y 
U mR 
Ü 272 
pen BE pg 
vo U mR /0 
or v-uge"", where t= us 
Example 20 A wire loop enclosing a semicircle of radius R " X xB 
is located on the boundary of a uniform magnetic field B. At 
the moment t = 0, the loop is set into rotation with a constant D x 
angular acceleration « about an axis O coinciding with a O| x x x 
line of vector B on the boundary. Find the emf induced in . uw i 
the loop as a function of time. Draw the approximate plot of 
x x x 


this function. The arrow in the figure shows the emf 
direction taken to be positive. 


Solution 0- jet 


2 ; 
t=, zm = time taken to rotate an angle 0 
[vi 


where, 0 =0 to m,2m to 3m, 4n to 5m etc. 


& magnetic field passing through the loop is increasing. Hence, current in the loop is 
anti-clockwise or induced emf is negative. And for, 9 2 to 27, 3x to 4m, 5x to 6x etc. 


& magnetic field passing through the loop is decreasing. Hence, current in the loop is clockwise 
or emf is positive. 


So, 
; 2n 
t, = time taken to rotate an angle x = | — 
a 
: 4n 
t = time taken to rotate an angle 2x = | — 
a 
: 2nt 
t, = time taken to rotate an angle nz = ,| — 
a 


Now, from 0 tot, emf is negative 
t to t emf is positive 
tə to t4 emf is again negative 
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and so on. 


Now, at time t, angle rotated is 0- lof 

9 x x x 
Area inside the field is * x 

0 1 
S = (nR?) (=| =- R9 

2n 2 x x x 
or S= - Rat? x x X 
So, flux passing through the loop, p = BS = - BR’at” x » ^ 


d 1 
e- - -lpmu 
dt| 2 
ext 
i.e. e-t graph is a straight line passing through origin. e-£ equation with sign can be written as 
e=(-1)” (5 BRut) Ans. 


Here, n =1,2,3...is the number of half revolutions that the loop performs at the given 
moment t. 


The e-£ graph is as shown in figure. 


e4 P d 


>t 


© Example 21 A uniform wire of resistance per unit length X is bent into a 
semicircle of radius a. The wire rotates with angular velocity œ in a vertical plane 
about a horizontal axis passing through C. A uniform magnetic field B exists in 
space in a direction perpendicular to paper inwards. 


® B 


0 < 7/2 


A O D 


(a) Calculate potential difference between points A and D. Which point is at higher 
potential? 

(b) If points A and D are connected by a conducting wire of zero resistance, find the 
potential difference between A and C. 
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Solution (a) Length of straight wire AC is /, = 2asin (5 


GOB 


M. m-8 ` 
DANN. LA ^ 
O 


D 


Therefore, the motional emf (or potential difference) between points C and A is 


Voa = Vo - V} = ; Bol? = 2a°Bosin’| >| 


.(i) 
From right hand rule, we can see that Vo > V4 
Similarly, length of straight wire CD is 
l =2a sin (5 J =2a cos(5 
2 2 2 
Therefore, the PD between points C and D is 
Yuste ; Bol =2a°Bo «os (2) i) 
with Vo > Vp 
Eq. (ii) — Eq.(1) gives, 
V4 — Vp -2a?Bo CE — sin? 3 
2 2 
- 2a?Bo cos0 Ans. 


A is at higher potential. 


(b) When A and D are connected from a wire current starts flowing in the circuit as shown in 
figure : 


Resistance between A and C is 


r = (length of arc AC) X = a0. 
and between C and D is 


T = (length of arc CD) X = (1 — 0) aX 


C 
E L 
[e [2 
A 7 D 
In the figure, E, -2a?Bo sin (S and E,-2a?Bo sos (S) 


with E,» E, 
Current in the circuit is 


E- E, _ 2a?Bocos0 2aBo cos 
n tr Tar TÀ 


i= 
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Note 


and potential difference between points C and A is 


Vea = E, + in, -2a?Bo sin) 4 (=) (ah) 
2 TÀ 
-2a?Bo (sin? 9 + B cos o) Ans. 
2 mn 


Von =E when no current flows through the circuit and V^, = E, + ir, when a current i flows in the circuit. 


Example 22 A battery of emf E and of negligible internal resistance is connected 
in an L-R circuit as shown in figure. The inductor has a piece of soft iron inside 
it. When steady state is reached the piece of soft iron is abruptly pulled out 
suddenly so that the inductance of the inductor decreases to nL with n < 1 with 
battery remaining connected. Calculate 


/9000000* AWM- 
L R 


E 
E 
(a) current as a function of time assuming t = 0 at the instant when piece is pulled. 

(b) the work done to pull out the piece. 

(c) thermal power generated in the circuit as a function of time. 

(d) power supplied by the battery as a function of time. 

HOW TO PROCEED When the inductance of an inductor is abruptly changed, the flux 
passing through it remains constant. 

o = constant 

Li = constant E = 2) 


i 
Solution (a) At time t =0, steady state current in the circuit is i) = E/R. Suddenly, L reduces 


to nL (n <1), so current in the circuit at time £ 20 will increase to BM NN Let i be the current 
n n 


at time t. 


/6000000.——— Ww- 
nL R 


» 


| 
< < 
| I 


Applying Kirchhoff's loop rule, we have 
E-nL (5]- iR -0 


[ di ad t 
wnE-—iR nL"*9 


Solving this equation, we get 
Here, 


and 


From the i-t equation, we get i = 


t = œ 


lo 


n 


The i-t graph is as shown in figure. 


at £20 and i-igat 
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i-ig— (i - ži) eL Ans. 
n 
_E Ai 
lo R io 
_nL H" 
"Lg 


>t 


Note Att =O, current in the circuit is 9. Current in the circuit in steady state will be again ip. So, it will decrease 


n 


exponentially from © to ip. From the i-t graph, the equation can be formed without doing any calculation. 
n 


>t 


lo 


Ai Al 


>t >t 


(b) Work done to pull out the piece, 


2 
=51(5) (=) Ans. 
2 R n 


(c) Thermal power generated in the circuit as a function of time is 


psp Ans. 


Here, i 1s the current calculated in part (a). 


(d) Power supplied by the battery as a function of time is 


P,-Eki Ans. 


Exercises 


LEVEL 1 


Assertion and Reason 
Directions: Choose the correct option. 
(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 


(b) If both Assertion and Reason are true; but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 
(d) If Assertion is false, but the Reason is true. 


1. Assertion: A square loop is placed in x-y plane as shown in figure. Magnetic field in the 
region is B = — Bx k. The induced current in the loop is anti-clockwise. 


y 
Reason: If inward magnetic field from such a loop increases, then current should be 
anti-clockwise. 


2. Assertion: Magnetic field B (shown inwards) varies with time ¢ as shown. At time tọ induced 
current in the loop is clockwise. 


B 
x x XB 
t 
À xX X X 


Reason: Ifrate of change of magnetic flux from a coil is constant, charge should flow in the 
coll at a constant rate. 


3. Assertion: Electric field produced by a variable magnetic field can't exert a force on a 
charged particle. 
Reason: This electric field is non-conservative in nature. 

4. Assertion: Current flowing in the circuit is i= 2t- 8 


2H 
o ; —UU0U- 
a 


O 
b 
Att=1s, V -V,=+4V 

Reason: V,- Vņ,is+ 4V all the time. 


Chapter 27 Electromagnetic Induction © 527 


5. Assertion: Angular frequency of L-C oscillations is 2 rad/s and maximum current in the 
circuit is 1 A. Then, maximum rate of change of current should be 2 A/s. 


Reason: (=) = (Lax )O- 
dt max | 


6. Assertion: Aconducting equilateralloop abcis moved translationally with constant speed v 
in uniform inward magnetic field B as shown. Then: V, - V, = V, - V.. 


x a x x 

x x x 
b C 

x x x B 


Reason: Point ais at higher potential than point b. 


7. Assertion: Motional induced emf e = Bul can be derived from the relation e = — 2, 


Reason: Lenz’s law is a consequence of law of conservation of energy. 

8. Assertion: If some ferromagnetic substance is filled inside a solenoid, its coefficient of self 
induction L will increase. 
Reason: By increasing the current in a coil, its coefficient of self induction L can be 
increased. 


9. Assertion: In the circuit shown in figure, current in wire ab will become zero as soon as 
switch is opened. 
d^ E 
S 


b 
Reason: A resistance does not oppose increase or decrease of current through it. 
10. Assertion: In parallel, current distributes in inverse ratio of inductance 
i œx — 
Reason: In electrical circuits, an inductor can be treated as a resistor. 


Objective Questions 


1. The dimensions of self inductance are 
(a) [MLT2A?] (b) [META] 
© [ML?T 7A 7} (d) [MPPT?A"] 

2. When the number of turns in the two circular coils closely wound are doubled (in both), their 
mutual inductance becomes 


(a) four times (b) two times 
(c) remains same (d) sixteen times 
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- Two coils carrying current in opposite direction are placed co-axially with centres at some finite 
separation. If they are brought close to each other then, current flowing in them should 

(a) decrease (b) increase 

(c) remain same (d) become zero 

. A current carrying ring is placed in a horizontal plane. A charged particle is dropped along the 
axis of the ring to fall under the influence of gravity 

(a) the current in the ring may increase 

(b) the current in the ring may decrease 

(c) the velocity of the particle will increase till it reaches the centre of the ring 

(d) the acceleration of the particle will decrease continuously till it reaches the centre of the ring 


. Identify the incorrect statement. Induced electric field 
(a) is produced by varying magnetic field 

(b) is non-conservative in nature 

(c) cannot exist in a region not occupied by magnetic field 
(d) None of the above 


. In the figure shown, V, at t=1s is 


a 20 4V 2H 2F b 
o—— AWW-— — on 
q= (4t?)C 
(a) 30 V (b) —30V 
(c) 20 V (d) —20 V 


. Two coils have a mutual inductance of 0.005 H. The current changes in the first coil according 
to equation J = J) sinwt, where I) 2 10A and o = 1007 rad/s. The maximum value of emf (in 
volt) in the second coil is 

(a) 2x (b) 5x 

(c) x (d) 4x 


. An inductance of 2 H carries a current of 2 A. To prevent sparking when the circuit is broken a 
capacitor of 4uF is connected across the inductance. The voltage rating of the capacitor is of the 
order of 

(a) 10° V (b) 10V 

(c) 10° V (d) 109 V 


. A conducting rod 1s rotated about one end in a plane perpendicular to a uniform magnetic field 
with constant angular velocity. The correct graph between the induced emf (e) across the rod 
and time (f) is 


e e 


(a) (b) 


] e 
| >t >t 


> t I 1 | t 
I 
I 


(d) 


10. 


11. 


12. 


13. 


14. 


15. 
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A magnet is taken towards a conducting ring in such a way that a constant current of 10 mA is 
induced in it. The total resistance of the ring is 0.5 Q. In 5 s, the magnetic flux through the ring 
changes by 

(a) 0.25 mWb (b) 25 mWb 

(c) 50 mWb (d) 15 mWb 


A uniform but increasing with time magnetic field exists in a cylindrical 
region. The direction of force on an electron at P 1s 

(a) towards right 

(b) towards left 

(c) into the plane of paper 

(d) out of the plane of paper 


A magnetic flux through a stationary loop with a resistance R varies during the time interval t 
as 9 = at (1 — t). Find the amount of heat generated in the loop during that time 


2 2 
at at 
mm O SR 
2a? at 

d) —— 

© SR «D SR 


The current i in an induction coil varies with time t according to the graph shown in the figure. 
Which of the following graphs shows the induced emf (e) in the coil with time? 


i 
£ € 
(b) (c) 
(2. omn = 


The network shown in the figure is a part of complete circuit. What is the potential difference 
Vp — V4 when the current J is 5 A and is decreasing at a rate of 10° A/s? 


(a) 


10 5mH 
o— WW 
A 1 15V B 
(a) 5 V (b 10 V 
(c) 15 V (d) 20V 


In the given branch AB of a circuit a current, J =(10t+ 5) A is flowing, where ¢ is time in 
second. At t = 0, the potential difference between points A and B(V, — Vg)is 


L=1H R=3Q 
o | TOT 4 — WWW —0 
B 10 V 
(a) 15 V (b -5V 


(c) -15V (d) 5 V 


530 * Electricity and Magnetism 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


In an LC circuit, the capacitor has maximum charge qo. The value of (=) is 


max 


E C 
SOOT J} 
do qo 
@ ic €) JEC 
Hu. do. 
(c) LC (d) ic 


An alternating current J in an inductance coil varies with time t according to | 
the graph as shown : I 
Which one of the following graphs gives the variation of voltage with time? 


| ma 
| / | I 
(a) (b) (c) (d) 
f t 
ie un ME i> 


A loop of area 1 m? is placed in a magnetic field B= 2T, such that plane of the loop is parallel to 
the magnetic field. If the loop is rotated by 180°, the amount of net charge passing through any 
point of loop, if its resistance is 10 Q, is 

(a) 0.4 C (b) 0.2 C 

(c) 0.8C (d) OC 


A rectangular loop of sides a and bis placed in xy-plane. A uniform but time varying magnetic 
field of strength B = 20 tî + 10¢7j+ 50kis present in the region. The magnitude of induced emf 


in the loop at time tis 


(a) 20+ 20t (b) 20 
(c) 20t (d) zero 


The armature of a DC motor has 20 Q resistance. It draws a current of 1.5 A when run by 
200 V DC supply. The value of back emf induced in it will be 

(a) 150V (b) 170 V 

(c) 180 V (d) 190 V 


In a transformer, the output current and voltage are respectively 4 A and 20 V. If the ratio of 
number of turns in the primary to secondary is 2 : 1, what is the input current and voltage? 
(a) 2 A and 40 V (b) 8A and 10 V 

(c 4A and 10V (d) 8 A and 40V 


When a loop moves towards a stationary magnet with speed v, the induced emf in the loop is E. 
If the magnet also moves away from the loop with the same speed, then the emf induced in the 
loop is 

(a) E (b) 2E 

(c) Z (d) zero 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 
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A short magnet is allowed to fall from rest along the axis of a horizontal conducting ring. The 
distance fallen by the magnet in one second may be 


(a) 5m (b) 6m 
(c) 4m (d) None of these 
In figure, if the current i decreases at a rate a, then V4 — Vg is 
L 

Ao " A6 000" oB 
(a) zero (b) -aL 
(c) aL (d) No relation exists 
A coil has an inductance of 50 mH and a resistance of 0.3 Q. If a 12 V emf 1s applied across the 


coll, the energy stored in the magnetic field after the current has built up to its steady state 
value is 

(a) 40J (b) 40 mJ 

(c) 20J (d) 20 mJ 

A constant voltage is applied to a series R-L circuit by closing the switch. The voltage across 
inductor (L = 2 H) 1s 20 V at t= 0 and drops to 5 V at 20 ms. The value of Rin Q is 

(a) 100 1n 20. (b) 100 (1 -1n2) Q 

(c) 100 In 4Q (d) 100(1 - 1n 4) 

A coil of area 10 cm? and 10 turns is in magnetic field directed perpendicular to the plane and 
changing at a rate of 10? gauss/s. The resistance of coil is 20 Q. The current in the coil will be 


(a) 0.5 A (b) 5x10?A (c) 0.05 A (d) 5A 
In figure, final value of current in 10 Q resistor, when plug of key K is inserted is 
1H 
WM 
100 
300 
| l | H oo 
3V K 
3 3 3 
— A b) —A — A d 
(a) a (b) em (c) 1 (d) zero 


A circuit consists of a circular loop of radius R kept in the plane of paper and an 
infinitely long current carrying wire kept perpendicular to the plane of paper 


and passing through the centre of loop. The mutual inductance of wire and loop ez 
will be 
TR 
(a) BY (b) 0 
2 
(©) pork? (a) Boe 


A flat circular coil of n turns, area A and resistance R is placed in a uniform magnetic field B. 
The plane of coil is initially perpendicular to B. When the coil is rotated through an angle of 
180° about one of its diameter, a charge Qj flows through the coil. When the same coil after 
being brought to its initial position, is rotated through an angle of 360? about the same axis a 
charge Q, flows through it. Then, Q/Q, is 

(a) 1 (b) 2 (c) 1/9 (d) 0 
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31. 


32. 


33. 


34. 


35. 


36. 


37. 


A small circular loop is suspended from an insulating thread. Another 
coaxial circular loop carrying a current / and having radius much larger 


than the first loop starts moving towards the smaller loop. The smaller l 
loop will Saa AN 
(a) be attracted towards the bigger loop 


(b) be repelled by the bigger loop 
(c) experience no force 
(d) All of the above 


In the circuit shown in figure, L = 10H, = 5 Q, E = 15 V. The switch S is 


L R 
closed at t= 0. At t= 2s, the current in the circuit is 000 — WW 
1 1 
3|1--]A 3ļ|1-= |A 
aeg © (1-3) E] 
E S 


(© 3 (=) A @ 3 (=| A 


In the figure shown, a T-shaped conductor moves with constant angular * X X X x x 
velocity œ in a plane perpendicular to uniform magnetic field B. The potential x x x x x x 
difference V4 — Vg is ; dE ge Ne 
(a) zero (b) = Bol” pape Me 

2 x x xÜx x x 
(c) 2Bol” (d) Bol? 


A conducting rod of length / falls vertically under gravity in a region of 
uniform magnetic field B. The field vectors are inclined at an angle 0 with 
the horizontal as shown in figure. If the instantaneous velocity of the rod 1s 
v, the induced emf in the rod ab is 

(a) Blv 

(b) Blv cos 8 

(c) Blvsin 0 


(d) zero 

A semi-circular conducting ring acb of radius R moves with constant speed x B xc x 
vin a plane perpendicular to uniform magnetic field Bas shown in figure. 

Identify the correct statement. dá n Xv 
(a) V,- V, = BRv (b) V, - V, = BR xd. ox d 
(c) V,-V,20 (d) None of these 

The ring Bis coaxial with a solenoid A as shown in figure. As the switch S is A 9 
closed at t = 0, the ring B 

(a) 1s attracted towards A 

(b) is repelled by A 

(c) is initially repelled and then attracted PA | 

(d) is initially attracted and then repelled S 


If the instantaneous magnetic flux and induced emf produced in a coil is 0 and E respectively, 
then according to Faraday's law of electromagnetic induction 

(a) E must be zero if 6 20 (b E #0if 0 =0 

(c) E #0 but ó may or may not be zero (d) E =0 then $ must be zero 
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38. The figure shows a conducting ring of radius R. A uniform steady magnetic field B lies 
perpendicular to the plane of the ring in a circular region of radius r (« R). If the resistance per 
unit length of the ring is À, then the current induced in the ring when its radius gets doubled is 


BR 2BR 

(a) X (b) Ea 
Br? 

(c) zero (d) Am 


39. A metallic rod of length /is hinged at the point M and is rotating about an axis perpendicular to 
the plane of paper with a constant angular velocity œ. A uniform magnetic field of intensity Bis 
acting in the region (as shown 1n the figure) parallel to the plane of paper. The potential 
difference between the points M and N 


B 

I 

L > 

li 

MỌ) N 

1*0 

T > 
(a) 1s always zero (b) varies between ; BoP to 0 
(c) 1s always ; BoP (d) is always Bol” 


Subjective Questions 
Note You can take approximations in the answers. 


1. An inductor is connected to a battery through a switch. The emf induced in the inductor is 
much larger when the switch is opened as compared to the emf induced when the switch is 
closed. Is this statement true or false? 


2. A coil formed by wrapping 50 turns of wire in the shape of a square is positioned in a magnetic 
field so that the normal to the plane of the coil makes an angle of 30°, with the direction of the 
field. When the magnetic field is increased uniformly from 200 uT to 600 uT in 0.4 s, an emf of 
magnitude 80.0 mV is induced in the coil. What is the total length of the wire? 


3. A loop of wire enclosing an area S is placed in a region where the magnetic field is 
perpendicular to the plane. The magnetic field B varies with time according to the expression 
B= B, e " where a is some constant. That is, at t= 0. The field is B, and for t> 0, the field 
decreases exponentially. Find the induced emf in the loop as a function of time. 
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4. The long straight wire in figure (a) carries a constant current i. A metal bar of length / is 
moving at constant velocity v as shown in figure. Point ais a distance d from the wire. 


a kT 
i a g a d 

l V | V 
B b b c 


(a) (b) 


(a) Calculate the emf induced in the bar. 
(b) Which point a or b is at higher potential? 
(c) Ifthe bar is replaced by a rectangular wire loop of resistance R, what is the magnitude of current 
induced in the loop? 
5. The switch in figure is closed at time ¢ = 0. Find the current in the inductor and the current 
through the switch as functions of time thereafter. 
4Q 80 


6. A small coil is introduced between the poles of an electromagnet so that its axis coincides with 
the magnetic field direction. The cross-sectional area of the coil is equal to S = 3.0 mm?, the 
number of turns is N 2 60. When the coil turns through 180° about its diameter, a 
galvanometer connected to the coil indicates a charge q = 4.5 uC flowing through it. Find the 
magnetic induction magnitude between the poles, provided the total resistance of the electric 
circuit equals R = 40 Q. 


7. The magnetic field through a single loop of wire, 12 cm in radius 1.0 
and of 8.5 Q resistance, changes with time as shown in figure. 
Calculate the emf in the loop as a function of time. Consider the (7 05 


YS 


time intervals m 
(a) t=Otot=2.0s (b) t=2.0stot=4.0s (c) t=4.0stot=6.0s. 0 20 40 60 80 
The magnetic field is perpendicular to the plane of the loop. t(s) — 


8. A square loop of wire with resistance R is moved at constant speed v across a uniform magnetic 
field confined to a square region whose sides are twice the lengths of those of the square loop. 
k— 2L ——4 


I—— LE =. X X X X 
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(a) Sketch a graph of the external force F needed to move the loop at constant speed, as a function of 
the coordinate x, from x - -2L to x= + 2L. (The coordinate x is measured from the centre of the 
magnetic field region to the centre of the loop. It is negative when the centre of the loop is to the 
left of the centre of the magnetic field region. Take positive force to be to the right). 

(b) Sketch a graph of the induced current in the loop as a function of x. Take counterclockwise 
currents to be positive. 


9. Asquare frame with side a and a long straight wire carrying a current i are located in the same 
plane as shown in figure. The frame translates to the right with a constant velocity v. Find the 
emf induced in the frame as a function of distance x. 


10. In figure, a wire perpendicular to a long straight wire is moving parallel to the later with a 
speed v = 10 m/sin the direction of the current flowing in the later. The current is 10 A. What is 
the magnitude of the potential difference between the ends of the moving wire? 


i=10A 
1.0 cm 
1 


v 7 10 m/s 


11. The potential difference across a 150 mH inductor as a function of time is shown in figure. 
Assume that the initial value of the current in the inductor 1s zero. What is the current when 
t= 2.0 ms? and t= 4.0 ms? 


V (volt) £ 


5.0 
4.0 
3.0 
2.0 
1.0 


0 10 20 30 4. t (ms) 


12. At the instant when the current in an inductor is increasing at a rate of 0.0640 A/s, the 
magnitude of the self-induced emf is 0.0160 V. 
(a) What is the inductance of the inductor? 


(b) If the inductor is a solenoid with 400 turns, what is the average magnetic flux through each turn 
when the current is 0.720 A? 
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13. 


14. 


15. 


16. 


17. 


18. 


19. 


Two toroidal solenoids are wound around the same pipe so that the magnetic field of one passes 
through the turns of the other. Solenoid 1 has 700 turns and solenoid 2 has 400 turns. When 
the current in solenoid 1 is 6.52 A, the average flux through each turn of solenoid 2 is 
0.0320 Wb. 


(a) What is the mutual inductance of the pair of solenoids? 


(b) When the current in solenoid 2 is 2.54 A, what is the average flux through each turn of 
solenoid 1? 


A coil of inductance 1 H and resistance 10 Q is connected to a resistanceless battery of emf 50 V 
at time t = 0. Calculate the ratio of the rate at which magnetic energy is stored in the coil to the 
rate at which energy is supplied by the battery at t = 0.1 s. 


A 3.56 H inductor is placed in series with a 12.8 Q resistor. An emf of 3.24 V is then suddenly 

applied across the RL combination. 

(a) At 0.278 s after the emf is applied what is the rate at which energy is being delivered by the 
battery? 

(b) At 0.278 s, at what rate is energy appearing as thermal energy in the resistor? 

(c) At 0.278 s, at what rate is energy being stored in the magnetic field? 


A 35.0 V battery with negligible internal resistance, a 50.0 Q resistor, and a 1.25 mH inductor 

with negligible resistance are all connected in series with an open switch. The switch is 

suddenly closed 

(a) How long after closing the switch will the current through the inductor reach one-half of its 
maximum value? 

(b) How long after closing the switch will the energy stored in the inductor reach one-half of its 
maximum value? 


A solenoid of inductance L with resistance r is connected in parallel to a Lr 
resistance R. A battery of emf E and of negligible internal resistance is UUUUUUU 
connected across the parallel combination as shown in the figure. At time 

t = 0, switch S is opened, calculate 

(a) current through the solenoid after the switch is opened. 

(b) amount of heat generated in the solenoid | 


In the given circuit, find the current through the 5 mH inductor in steady 
state. 


In an oscillating L-C circuit in which C = 4.00 uF, the maximum potential difference across the 
capacitor during the oscillations 1s 1.50 V and the maximum current through the inductor 1s 
50.0 mA. 

(a) What is the inductance L? 

(b) What is the frequency of the oscillations? 

(c) How much time does the charge on the capacitor take to rise from zero to its maximum value? 
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20. In the L-C circuit shown, C = 1 uF. With capacitor charged to 100 V, A 
switch S is suddenly closed at time £ = 0. The circuit then oscillates 
at 10°Hz. 

(a) Calculate o and T == 
(b) Express q as a function of time 

(c) Calculate L 

(d) Calculate the average current during the first quarter-cycle. 


21. An L-C circuit consists of an inductor with L = 0.0900 H and a capacitor of C = 4 x 10 * F. The 
initial charge on the capacitor is 5.00uC, and the initial current in the inductor is zero. 
(a) What is the maximum voltage across the capacitor? 
(b) What is the maximum current in the inductor? 
(c) What is the maximum energy stored in the inductor? 


y=. 


(d) When the current in the inductor has half its maximum value, what is the charge on the 
capacitor and what is the energy stored in the inductor? 


LEVEL 2 


Single Correct Option 


1. Two ends of an inductor of inductance L are connected to two @B 
parallel conducting wires. A rod of length / and mass m is given 
velocity vg as shown. The whole system is placed in 


perpendicular magnetic field B. Find the maximum current in i i 
the inductor. (Neglect gravity and friction) | 
mu m 
(a) EN (b) T Uo 
2 
(c) mvo (d) None of these 


L 


2. A conducting rod is moving with a constant velocity v over the parallel conducting rails which 
are connected at the ends through a resistor R and capacitor C as shown in the figure. Magnetic 
field Bis into the plane. Consider the following statements. 


(i) Current in loop AEFBA is anti-clockwise Gi) Current in loop AEFBA is clockwise 
(iii) Current through the capacitor is zero (iv) Energy stored in the capacitor is 5 CB LY 
Which of the following options is correct? 


(a) Statements (i) and (iii) are correct (b) Statements (ii) and (iv) are correct 
(c) Statements (i), (iii) and (iv) are correct (d) None of these 
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3. A rodis rotating with a constant angular velocity œ about point O (its centre) in a magnetic field 
Bas shown. Which of the following figure correctly shows the distribution of charge inside the 


rod? 
x x x x x x 
P 
x x x x x x 
O (0) 
x x x x x x 
B 
x x x x x x 
Q 
x x x x x x 
P P HP P 
(a) HO (b) Ho (c) | |O (d) |! oO 
Q Q HQ Q 


4. A straight conducting rod PQ is executing SHM in xy-plane from 
x--dtox--d. Its mean position is x= 0 and its length is along 
y-axis. There exists a uniform magnetic field B from x=- d to x= 0 
pointing inward normal to the paper and from x= 0 to =+ d there 
exists another uniform magnetic field of same magnitude B but 
pointing outward normal to the plane of the paper. At the instant t = 0, 
the rod is at x = 0 and moving to the right. The induced emf (£) across 
the rod PQ vs time (t) graph will be 


£ £ £ £ 


(a) (b) (c) i i (d) 


5. Two parallel long straight conductors lie on a smooth plane surface. Two other parallel 
conductors rest on them at right angles so as to form a square of side a. A uniform magnetic 
field B exists at right angles to the plane containing the conductors. Now, conductors start 
moving outward with a constant velocity v, at t= 0. Then, induced current in the loop at any 
time tis (A is resistance per unit length of the conductors) 


| 


<«— @B — 


aBuy aBug 
@) Tat uw) (o 
(o BY (a) Bee 


a 9X 


10. 
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. À conducting square loop is placed in a magnetic field B with its plane perpendicular to the 


field. Now the sides of the loop start shrinking at a constant rate a. The induced emf in the loop 
at an instant when its side is a, is 
(a) 2a0B (b) afaB (c) 2a?&.B (d) aaB 


. A conducting straight wire PQ of length lis fixed along a diameter of a non-conducting ring as 


shown in the figure. The ring is given a pure rolling motion on a horizontal surface such that its 
centre of mass has a velocity v. There exists a uniform horizontal magnetic field Bin horizontal 
direction perpendicular to the plane of ring. The magnitude of induced emf in the wire PQ at 
the position shown in the figure will be 


(a) Bul (b) 2Bul (c) 3Bvl/2 (d) zero 


. A conducting rod of length L = 0.1 mis moving with a uniform speed v = 0.2 m/son conducting 


rails in a magnetic field B= 0.5 T as shown. On one side, the end of the rails is connected to a 
capacitor of capacitance C = 20 uF. Then, the charges on the capacitor's plates are 


(a) q4 20-7 qp (b gg =+20uC and qg =-20uC 
(c) q4 =+0.2uC and qg =-0.2 uC (d) q4 2 —0.2C and qg =-0.2 UC 


. Awireis bent in the form of a V shape and placed in a horizontal plane. There 


exists a uniform magnetic field B perpendicular to the plane of the wire. A 
uniform conducting rod starts sliding over the V shaped wire with a constant 
speed v as shown in the figure. If the wire has no resistance, the current in 


: @B 
rod will 
(a) increase with time (b) decrease with time 
(c) remain constant (d) always be zero 


A square loop of side bis rotated in a constant magnetic field Bat angular frequency ® as shown 
in the figure. What is the emf induced in it? 


x “Xx xB 
x d x x 
(a) b?Bo sin wt (b) bBwsin? wt 


(c) bB% cos at (d) b°Ba 
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11. 


12. 


13. 


14. 


15. 


A uniform but time varying magnetic field exists in a cylindrical region as 
shown in the figure. The direction of magnetic field is into the plane of the 
paper and its magnitude is decreasing at a constant rate of 2x 10 ? T/s. A 
particle of charge 1 uC is moved slowly along a circle of radius 1m by an 
external force as shown in figure. The plane of the circle lies in the plane of 
the paper and it is concentric with the cylindrical region. The work done by 
the external force in moving this charge along the circle will be 

(a) zero (b) 21 x10° J 

() n x10? J (d) 4n x1078 J 


Switch S is closed at ¢ = 0, in the circuit shown. The change in flux in the inductor (L = 500 mH) 
from £ 2 Oto an instant when it reaches steady state 1s 


50 
50 
20V Sour 
500 mH 
10V 
S t=0 5Q 
(a) 2 Wb (b) 1.5 Wb 

(c) 0 Wb (d) None of these 


An L-R circuit is connected to a battery at time £ = 0. The energy stored in the inductor reaches 
half its maximum value at time 


R V2 fi Nast 
ió regal " s" 
J/2 42-1 

o gin ; o fet 


Electric charge q is distributed uniformly over a rod of length /. The rod is placed parallel to a 
long wire carrying a current i. The separation between the rod and the wire 1s a. The force 
needed to move the rod along its length with a uniform velocity vis 


Holqu Uoiqu 

e) 21a o) 471a i 
uoiqul d Loigul 

©) 2na ta) 4ra 


ABis an infinitely long wire placed in the plane of rectangular coil of dimensions as shown in 
the figure. Calculate the mutual inductance of wire AB and coil PQRS 


(a) #08 nl (b) EE In j Huge 


er (d) None of these 
2n b 2n E" 2n(b — a)” 
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16. PQisan infinite current carrying conductor. AB and CD are smooth conducting rods on which 


17. 


18. 


19. 


a conductor EF moves with constant velocity v as shown. The force needed to maintain 
constant speed of EF 1s 


Pp A R C 


E F 
1^ 
v 
IH— a — 
a TB D 
1 fu, © I i 
(dj. L EE n ® b) S EE mn © 
vR| 2n (a) R| 2n (b) 
2 
(c) V | BoT ln i (d) None of these 
R| 27 (a) 
The figure shows a circular region of radius R occupied by a time varying R 


magnetic field B (t) such that d < 0. The magnitude of induced electric field at 


the point P at a distancer < R is 


(a) decreasing with r (b) increasing with r 
(c) not varying with r (d) varying as r ? 
Two circular loops P and Q are concentric and coplanar as shown in ly P 


figure. The loop Q is smaller than P. If the current J, flowing in loop P is 
decreasing with time, then the current I, in the loop Q 

(a) flows in the same direction as that of P 

(b) flows in the opposite direction as that of Q 

(c) is zero 

(d) None of the above 

In the circuit shown in figure, the switch S is closed at t = 0. If V; is the 
voltage induced across the inductor and i is the instantaneous current, 
the correct variation of V; versus iis given by 


Vi Vi 
A 
E See ere eer ene LS 
(a) (b) 
o >i 5 >j 
Vi VL 
A 
E E 
(c) N (d) 
8 T i o >l 
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20. In the figure shown, a uniform magnetic field | B | = 0.5 T is perpendicular to the plane of 


21. 


circuit. The sliding rod of length / = 0.25 m moves uniformly with constant speed v = 4 ms !. If 


the resistance of the slides is 2 Q, then the current flowing through the sliding rod is 
e e 


(a) 0.1A (b) 0.17 A 
(c) 0.08 A (d) 0.03 A 


e. 

e 

e e 
Maa" e Sita 

e 

e 

e 


The figure shows a non-conducting ring of radius R carrying a charge q. In a circular region of 
radiusr, a uniform magnetic field B perpendicular to the plane of the ring varies at a constant 


rate n — p. The torque acting on the ring is 


(a) - arB (b) : qR' C) qr (d) zero 


22. A conducting ring of radius 2R rolls on a smooth horizontal conducting surface as shown in 


figure. A uniform horizontal magnetic field Bis perpendicular to the plane of the ring. The 
potential of A with respect to O is 


x x x x x 
x B x A x x 
x x x x 
pun 
O 
(a) 2 BvR (b) 5 BoR 
(c) 8 BuR (d) 4 BuR 


23. A uniformly wound long solenoid of inductance L and resistance R is cut into two parts in the 


ratio 1:1, which are then connected in parallel. The combination is then connected to a cell of 
emf E. The time constant of the circuit is 


L L 
a. (b) mDr 


n \L n+1\L 
(c) s e n ]z 


24. 


25. 


26. 


27. 


28. 
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When a choke coil carrying a steady current is short-circuited, the current in it decreases to 


B (< 1) times its initial value in a time T. The time constant of the choke coil is 


i b) —L (c) X (d Tng 


P In (3) B 
p 
In the steady state condition, the rate of heat produced in a choke coil is P. The time constant of 


the choke coil is t. If now the choke coil is short-circuited, then the total heat dissipated in the 
coil is 


(a) Pr (b) ; Pr 
(c) ET (d) Px 1n 2 
In 2 
In the circuit shown in figure initially the switch is in position 1 for a long L R 


time, then suddenly at t= 0, the switch is shifted to position 2. It is 
required that a constant current should flow in the circuit, the value of 
resistance R in the circuit 

(a) should be decreased at a constant rate 2 1 E 
(b) should be increased at a constant rate 
(c) should be maintained constant 

(d) Not possible 


The figure shows an L-R circuit, the time constant for the circuit 1s 


R 
L 
R 
E 
L 2L 2R R 
(a) 2R (b) R (c) d (d) 2L 


In figure, the switch 1s in the position 1 for a long time, then the switch 1s shifted to position 2 at 
t = 0. At this instant the value of i; and i, are 


E -E 
,0 D! D 
ODP 


(d) None of these 
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29. 


30. 


31. 


32. 


In a decaying L-R circuit, the time after which energy stored in the inductor reduces to 
one-fourth of its initial value 1s 


L L 

(a) (In 2) (b) 0.5- 
L 49 E 
© 2g 9 Ear 


Initially, the switch is in position 1 for a long time and then shifted to position 2 at t= 0 as 
shown in figure. Just after closing the switch, the magnitude of current through the 
capacitor is 


1 2 
M R 
L 
R C 
E 
a) zero b E 
ME i 2R 
(c) Z (d) None of these 


When the switch S is closed at t = 0, identify the correct statement just after closing the switch 


as shown in figure 
C 


—— 


(a) The current in the circuit is maximum 


E 


(b) Equal and opposite voltages are dropped across inductor and resistor 
(c) The entire voltage is dropped across inductor 
(d) All of the above 


Two metallic rings of radius R are rolling on a metallic rod. A magnetic field of magnitude Bis 
applied in the region. The magnitude of potential difference between points A and C on the two 
rings (as shown), will be 


(a) 0 (b) 4 BoR? 
(c) 8 BoR? (d) 2 BoR? 


33. 


34. 


35. 


36. 
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In the figure, magnetic field points into the plane of paper and the conducting rod of length lis 
moving in this field such that the lowest point has a velocity v, and the topmost point has the 
velocity Vvə(Və > vj). The emf induced is given by 

x x x x 


(a) Bul (b) Bul 
© ŽB (v+ "SY, (d) 5 Bes 4) 


Find the current passing through battery immediately after key (K) 1s closed. It is given that 
initially all the capacitors are uncharged. (Given that R= 6Q and C = 4uF) 


R C 
E : 
R C 
— E=5V C 
L 
S000 
(a) 1A (b) 5A 
(c) 8A (d) 2A 


In the circuit shown, the key (K) is closed at t = 0, the current through the key at the instant 
t2 10? In 2, is 


4Q0 50 
20V 
L-10 mH | 50 
K 

60 C 20.1 mF 
(a) 2A (b) 8A 
(c) 4A (d) zero 
A loop shown in the figure is immersed in the varying magnetic field B= Bot, 
directed into the page. If the total resistance of the loop is R, then the direction 


and magnitude of induced current in the inner circle is 
Bana’ - b?) Bot (a? + b?) 
R 
2 2 2 2 
Poet Ab^) (@ clockwise Ber na^) 


(a) clockwise (b) anti-clockwise 


(c) clockwise 
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37. Asquare loop of side a and a straight long wire are placed in the same plane as shown in figure. 
The loop has a resistance R and inductance L. The frame 1s turned through 180? about the axis 
OO’. What is the electric charge that flows through the loop? 


TUM 
b 
! | 
Ó 
(8) Uola In E + 3 (b) Uola inl b s 
2nR b 2nR b*-a* 
(c) Hola In (s i: 2 (d) None of these 
2nR b 
More than One Correct Options 
1. The loop shown moves with a velocity v in a uniform magnetic field L 
of magnitude B, directed into the paper. The potential difference NETT | 
between points P and Q 1s e. Then, * P 
(a) e= : BLv L | L/2 
2 Q 


(b) e= BLv 38 


(c) Pis positive with respect to Q 
(d) Qis positive with respect to P 


2. An infinitely long wire is placed near a square loop as shown in figure. Choose the correct 


options. 
4 | 


(a) The mutual inductance between the two is ps In (2) 
T 


2 
(b) The mutual inductance between the two is P 1n (2) 
T 
(c) If a constant current is passed in the straight wire in upward direction and loop is brought close 
to the wire, then induced current in the loop is clockwise 
(d) In the above condition, induced current in the loop is anti-clockwise 


3. Choose the correct options. 
(a) SI unit of magnetic flux is henry-ampere 


(b) SI unit of coefficient of self-inductance is J/A 


; m . . lt- d 
(c) SI unit of coefficient of self-inductance is P 
ampere 


(d) SI unit of magnetic induction is weber 
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. In the circuit shown in figure, circuit is closed at time t= 0. At time a b 

t = In (2) second 2H 20 
(a) rate of energy supplied by the battery is 16 J/s 

(b) rate of heat dissipated across resistance is 8 J/s 

(c) rate of heat dissipated across resistance is 16 J/s | 


8V S 
(d) Va- Vp 24V 
. Two circular coils are placed adjacent to each other. Their planes are parallel A B 
and currents through them 7, and i, are in same direction. Choose the correct 
options. h io 


(a) When A is brought near B, current i; will decrease 
(b) In the above process, current i will increase 

(c) When current 7, is increased, current i; will decrease 
(d) In the above process, current i, will increase 


. A coil of area 2 m? and resistance 4Q is placed perpendicular to a uniform magnetic field of 4 T. 
The loop is rotated by 90? in 0.1 second. Choose the correct options. 

(a) Average induced emf in the coil is 8 V 

(b) Average induced current in the circuit is 20 A 

(c) 2 C charge will flow in the coil in above period 

(d) Heat produced in the coil in the above period can't be determined from the given data 


. In L-C oscillations, 


$ . inp. A 
(a) time period of oscillation is 
VLC 
] VM 
(b) maximum current in circuit is 
VLC 
(c) maximum rate of change of current in circuit is Mo. 
(d) maximum potential difference across the inductor is on Here, qy is maximum charge on 
capacitor 
. Magnetic field in a cylindrical region of radius R in inward direction is as ^ 

shown in figure. 

(a) an electron will experience no force kept at @R,0,0) if magnetic field LN 
x 


increases with time 
(b) in the above situation, electron will experience the force in negative y-axis 


(c) If a proton is kept at [o Z ; o) and magnetic field is decreasing, then it will 


experience the force in positive x-direction 


(d) if a proton is kept at (-R,0,0) and magnetic field is increasing, then it will experience force in 
negative y-axis 


. In the figure shown, q is in coulomb and £ in second. At time t=1s 


a 1H b2F c 4Q d 
o— 00v AH WM o 
q-2t? 
(a) V,-V,-4V (b) V,-V,-1V 


(©) V, -V4 216V (d) V,-V,-20V 
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10. An equilateral triangular conducting frame is rotated with angular velocity œ a 
in a uniform magnetic field Bas shown. Side of triangle is /. Choose the correct 
options. eB 
Bol? 
(a) V,-V.20 (b) Va- Ve = 
" 2 " b C 
© V,-V,- a" (d V,-V, =- c R 


Comprehension Based Questions 
Passage (Q. No. 1to3) 


A uniform but time varying magnetic field B= (21? + 24t) T is present in a 
cylindrical region of radius R = 2.5 cm as shown in figure. 


1. The force on an electron at P at t= 2.0 sis 
(a) 96 x 102! N 
(b) 48x10?! N 
(c) 24x10?! N 
(d) zero 


2. The variation of electric field at any instant as a function of distance measured from the centre 
of cylinder in first problem 1s 


E E E E 


(a) d (b) (c) (d) 


3. In the previous problem, the direction of circular electric lines at t = 1s is 
(a) clockwise 
(b) anti-clockwise 
(c) no current is induced 
(d) cannot be predicted 


Passage Il (Q. No. 4 to 7) 


A thin non-conducting ring of mass m, radius a carrying a charge q can rotate freely about its 
own axis which is vertical. At the initial moment, the ring was at rest in horizontal position and 
no magnetic field was present. At instant t 2 0, a uniform magnetic field is switched on which is 
vertically downward and increases with time according to the law B= Bt. Neglecting 
magnetism induced due to rotational motion of ring. 


4. The magnitude of induced emf on the closed surface of ring will be 
(a) na?B, (b) 2a "By 
(c) zero (d) a xa?By, 


5. The magnitude of an electric field on the circumference of the ring is 
(a) aBy (b) 2aBy 
(c) - aBy (d) zero 


6. 


T. 
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Angular acceleration of ring 1s 


qBy qBy 
a) — p) 420 
(a) 2m (b) 4m 
B 2qB 
(o) 22e (d) 4220 
m m 
Find instantaneous power developed by electric force acting on the ring at t= 1s. 
(a) 2g?B2a? (b) q?Bza? 
14m 8m 
252,2 2p2 2 
o 84 Boe (ay £e 
4m 


Passage Ill (Q. No. 8 to 10) 


8. 


10. 


Figure shows a conducting rod of negligible resistance that can slide on smooth U -shaped rail 
made of wire of resistance 1 Q/m. Position of the conducting rod at t=0 is shown. A time 
dependent magnetic field B= 2t tesla is switched on at t = 0. 


e. e. e. e. e. e 
e. e. e. 
Conducting 
° 5 ° rod ° 
e X e. e. 
e. e. e. e e e 
40 cm 
The current in the loop at t = 0 due to induced emf is 
(a) 0.16 A, clockwise (b) 0.08 A, clockwise 


(c) 0.16 A, anti-clockwise (d) zero 


At t= 0, when the magnetic field is switched on, the conducting rod is moved to the left at 
constant speed 5 cm/s by some external means. At £ = 2s, net induced emf has magnitude 

(a) 0.12 V (b) 0.08 V 

(c) 0.04 V (d) 0.02 V 


The magnitude of the force required to move the conducting rod at constant speed 5 cm/s at the 
same instant £ = 2s, is equal to 

(a) 0.096 N (b) 0.12 N 

(c) 0.08 N (d) 0.064 N 


Passage IV (Q. No. 11 to 13) 


11. 


Two parallel vertical metallic rails AB and CD are separated by 1m . They A C 
are connected at the two ends by resistances R, and R, as shown in the Ry 
figure. A horizontal metallic bar L of mass 0.2 kg slides without friction, p 


vertically down the rails under the action of gravity. There is a uniform L 
horizontal magnetic field of 0.6 T perpendicular to the plane of the rails. It 


1 
is observed that when the terminal velocity is attained, the powers n 
dissipated in R, and R, are 0.76 W and 1.2 W respectively (g = 9.8 m/s”) 
B D 
The terminal velocity of the bar L will be R2 


(a) 2 m/s (b) 3 m/s (c) 1 m/s (d) None of these 
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12. The value of R is 


(a) 0.47 Q. (b) 0.82 Q 

(c) 0.12 Q (d) None of these 
13. The value of R, is 

(a) 0.6 Q (b) 0.5 

(c) 0.4 Q (d) 0.32 


Match the Columns 


1. Match the following two columns. 


Column I Column II 
(a) Magnetic induction (p [MTA] 
(b) Coefficient of self-induction | (q) [L?T?] 
(ce) LC @) [MLT A] 
(d) Magnetic flux (s) None of these 


2. In the circuit shown in figure, switch is closed at time t = 0. Match the 
following two columns. 


2H 20 
VL Vp 
I 
10V 
Column I Column II 
(a) V, att=0 (p) zero 
(b Vp att=0 (q) 10V 
© V,att=1s w Wy 
e 
(d) Vpatt=1s (s) (1-2) 10v 
e 


3. In an L-C oscillation circuit, L=1H, C= ; F and maximum charge in the capacitor is 4 C. 
Match the following two columns. Note that in Column II, all values are in SI units. 
Column I Column II 


(a) Maximum current in the circuit (p) 16 

(b) Maximum rate of change of current in the (q) 4 
circuit 

(c) Potential difference across inductor when (r) 2 
q-2C 

(d) Potential difference across capacitor when (s 8 
rate of change of current is half its 
maximum value 
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4. In the circuit shown in figure, switch remains closed for long time. It is opened at time t = 0. 
Match the following two columns at £ = (In 2) second. 


Á a b 
9H 
aym eR 3 
39 
d c 
ColumnI Column II 
(a) Potential differences across inductor (p 9V 


(b) Potential difference across 3 Q resistance | (q) 4.5 V 

(c) Potential difference across 6 Q resistance |(r) 6V 

(d) Potential difference between points b and c | (s) None of these 
5. Magnetic flux passing through a coil of resistance 2 Q is as shown in  $ (Wb) 


figure. Match the following two columns. In Column II all physical 
quantities are in SI units. 


ColumnI Column II 


(a) Induced emf produced (p) 4 
(b) Induced current (q) 1 
(c) Charge flow in 2 s x) 8 
(d) Heat generation in 2 s (s 2 


2 t (s) 


6. A square loop is placed near a long straight current carrying wire as shown. Match the 
following two columns. 


Column I Column II 
(a) If current is increased (p) induced current in loop is 
clockwise 
(b) If current is decreased (q) induced current in loop is 


anti-clockwise 
(c) Ifloopis moved away from the wire | (r) wire will attract the loop 


(d) Ifloop is moved towards the wire | (s) wire will repel the loop 
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Subjective Questions 


1. Inthe circuit diagram shown, initially there is no energy in the inductor and the capacitor. The 
switch is closed at t = 0. Find the current J as a function of time if R=/L/C. 


ANNWN—DO00000* 
R L 
“| 
I R C 
|! a 
V S 


2. A rectangular loop with a sliding connector of length / is located in a uniform magnetic field 
perpendicular to the loop plane. The magnetic induction is equal to B. The connector has an 
electric resistance R, the sides ab and cd have resistances R, and R,. Neglecting the 
self-inductance of the loop, find the current flowing in the connector during its motion with a 
constant velocity v. 


a ® B (a d 
SR, R|—v Ro 
b M C 


3. A rod of length 2a is free to rotate in a vertical plane, about a horizontal axis O passing through 
its mid-point. A long straight, horizontal wire is in the same plane and is carrying a constant 
current i as shown in figure. At initial moment of time, the rod 1s horizontal and starts to rotate 
with constant angular velocity œ, calculate emf induced in the rod as a function of time. 


4. In the circuit arrangement shown in figure, the switch S is closed at t = 0. Find the current in 
the inductance as a function of time? Does the current through 10 Q resistor vary with time or 
remains constant. 


102 
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5. In the circuit shown, switch S is closed at time t = 0. Find the current through the inductor as a 
function of time f. 


H AWWW 

I AWW 

4V 1Q 

$* OOOO” 
L=1mH 


6. In the circuit shown in figure, E = 120 V, R = 30.0 Q, R, = 50.0 O, and L = 0.200 H. Switch Sis 
closed at t = 0. Just after the switch is closed. 


Hyi 
Js | E 
a ANN eb 
Ry 
WWW —2 (ODDO 


(a) What is the potential difference V, across the inductor R,? 
(b) Which point, a or b, is at higher potential? 
(c) What is the potential difference V, across the inductor L? 
(d) Which point, c or d, is at a higher potential? 
The switch is left closed for a long time and then is opened. Just after the switch 1s opened 
(e) What is the potential difference V, across the resistor R,? 
(£ Which point a or b, is at a higher potential? 
(g) What is the potential difference V,, across the inductor L? 
(h) Which point, c or d, is at a higher potential? 
7. Two capacitors of capacitances 2C and C are connected in series with an inductor of inductance 
L. Initially, capacitors have charge such that Vz — V, = AV, and Vo — Vp = Vo. Initial current 
in the circuit is zero. Find 


A| |B C| |D 


| | 
| | 
2C c 


(a) maximum current that will flow in the circuit, 
(b) potential difference across each capacitor at that instant, 
(c) equation of current flowing towards left in the inductor. 

8. A 1.00 mH inductor and a 1.00 uF capacitor are connected in series. The current in the circuit is 
described by i = 20 t, where t is in second and i is in ampere. The capacitor initially has no 
charge. Determine 
(a) the voltage across the inductor as a function of time, 

(b) the voltage across the capacitor as a function of time, 
(c) the time when the energy stored in the capacitor first exceeds that in the inductor. 
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9. In the circuit shown in the figure, E = 50.0 V, R= 250 Q and C=0.500uF. The switch S is 


10. 


11. 


12. 


closed for a long time, and no voltage is measured across the capacitor. After the switch is 
opened, the voltage across the capacitor reaches a maximum value of 150 V. What 1s the 
inductance L? 


The conducting rod ab shown in figure makes contact with metal rails ca and db. The apparatus 
1s in a uniform magnetic field 0.800 T, perpendicular to the plane of the figure. 


x x X [lq x 
C 
x x x x 
V 
x B X X 50.0 cm 
x x x | 
d 
X x x B0 x 


(a) Find the magnitude of the emf induced in the rod when it is moving toward the right with a speed 
7.50 m/s. 

(b) In what direction does the current flow in the rod? 

(c) If the resistance of the circuit abdcis 1.50 Q (assumed to be constant), find the force (magnitude 
and direction) required to keep the rod moving to the right with a constant speed of 7.50 m/s. You 
can ignore friction. 

(d) Compare the rate at which mechanical work is done by the force (Fv) with the rate at which 
thermal energy is developed in the circuit (I?R). 


A non-conducting ring of mass m and radius R has a charge Q uniformly distributed over its 
circumference. The ring is placed on a rough horizontal surface such that plane of the ring is 
parallel to the surface. A vertical magnetic field B= Byt” tesla is switched on. After 2 s from 
switching on the magnetic field the ring is just about to rotate about vertical axis through its 
centre. 

(a) Find friction coefficient u between the ring and the surface. 

(b) If magnetic field is switched off after 4 s, then find the angle rotated by the ring before coming to 

stop after switching off the magnetic field. 


Two parallel long smooth conducting rails separated bya * 


distance l are connected by a movable conducting " 
connector of mass m. Terminals of the rails are connected p 
by the resistor R and the capacitor C as shown in figure. x 
A uniform magnetic field B perpendicular to the plane of 

the rail is switched on. The connector is dragged by a X 
constant force F. Find the speed of the connector as 

a function of time if the force F is applied at t= 0. Also 
find the terminal velocity of the connector. 


Chapter 27 Electromagnetic Induction * 555 


13. A circuit containing capacitors C, and C, shown in the figure is in the steady state with key K, 
closed and K, opened. At the instant t = 0, K, is opened and K, is closed. 


20 V p 
l NW 
K 
1 C=2pF G=2ur 
| | 
| | 
Ka ` 
00V 
L=0.2 mH 


(a) Find the angular frequency of oscillations of L-C circuit. 


(b) Determine the first instant 4, when energy in the inductor becomes one third of that in the 
capacitor. 


(c) Calculate the charge on the plates of the capacitor at that instant. 
14. Initially, the capacitor is charged to a potential of 5 V and then connected to position 1 with the 
shown polarity for 1 s. After 1 s it is connected across the inductor at position 2. 
1000. 4 2 


E=10V M 
I s 


(a) Find the potential across the capacitor after 1 s of its connection to position 1. 


(b) Find the maximum current flowing in the L- C circuit when capacitor is connected across the 
inductor. Also, find the frequency of LC oscillations. 


25 mH 


L- 


15. A rod of mass m and resistance R slides on frictionless x x x x xax x x 


and resistanceless rails a distance l apart that includea , , | x x xl x x x 
source of emf Ep. (see figure). The rod is initially at rest. "V Ep 

Find the expression for the "o joe ce xxgose ces x 
(a) velocity of the rod v (f). (b) current in the loop i(2). X X X X Xb xX x x 


16. Two metal bars are fixed vertically and are connected on the top by a capacitor C. A sliding 
conductor of length / and mass m slides with its ends in contact with the bars. The arrangement 
1s placed in a uniform horizontal magnetic field directed normal to the plane of the figure. The 
conductor is released from rest. Find the displacement x(t) of the conductor as a function of 
time f. 


x x x x x x x 
x x x x x x x 
e 1 e 
x x x x x x x 
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17. 


18. 


19. 


A conducting light string is wound on the rim of a metal ring of radius r and mass m. The free 
end of the string is fixed to the ceiling. A vertical infinite smooth conducting plane is always 
tangent to the ring as shown in the figure. A uniform magnetic field Bis applied perpendicular 
to the plane of the ring. The ring is always inside the magnetic field. The plane and the string 
are connected by a resistance R. When the ring is released, find 


x 
x 
x 
x 
x 


X X X X X X X 


X X X X X X xLx 
X X X X X X X X 


x x 


(a) the current in the resistance Ras a function of time. 
(b) the terminal velocity of the ring. 


A conducting frame abcd is kept in a vertical plane. A conducting rod ef of mass m and length / 
can slide smoothly on it remaining always horizontal. The resistance of the loop 1s negligible 
and inductance is constant having value L. The rod is left from rest and allowed to fall under 
gravity and inductor has no initial current. A magnetic field of constant magnitude Bis present 
throughout the loop pointing inwards. Determine 


L 
0000000 


@B 


a d 


(a) position of the rod as a function of time assuming initial position of the rod to be x=0 and 
vertically downward as the positive x-axis. 

(b) the maximum current in the circuit. 

(c) maximum velocity of the rod 


A rectangular loop with a sliding conductor of length / is located in a uniform magnetic field 
perpendicular to the plane of loop. The magnetic induction perpendicular to the plane of loop is 
equal to B. The part ad and bc has electric resistance R, and R,, respectively. The conductor 
starts moving with constant acceleration a, at time t = 0. Neglecting the self-inductance of the 
loop and resistance of conductor. Find 


a b 
"x 
iE | > âo Zr 
d C 


(a) the current through the conductor during its motion. 
(b) the polarity of abcd terminal. 
(c) external force required to move the conductor with the given acceleration. 
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20. A conducting circular loop of radius a and resistance per unit length R is moving with a 


21. 


constant velocity vo, parallel to an infinite conducting wire carrying current ij. A conducting rod 
of length 2a is approaching the centre of the loop with a constant velocity P along the direction 
of the current. At the instant t = 0,the rod comes in contact with the loop at A and starts sliding 


on the loop with the constant velocity. Neglecting the resistance of the rod and the 
self-inductance of the circuit, find the following when the rod slides on the loop. 


i vol2 


| pea 


LA 


(a) The current through the rod when it is at a distance of (s) from the point A of the loop. 


(b) Force required to maintain the velocity of the rod at that instant. 


U-frame ABCD and a sliding rod PQ of resistance R, start moving with velocities v and 2v 
respectively, parallel to a long wire carrying current ij. When the distance AP = l at t= 0, 
determine the current through the inductor of inductance L just before connecting rod PQ loses 
contact with the U-frame. 


A 12v B 
io P al! 
D C 


Answers 


Introductory Exercise 27.1 


1. Anti-clockwise 2. No 

3. [ML741 T3] 4. Clockwise 

5. Same direction, opposite direction. 6. 6.74 V 

7. 1600 uC 8. 9.0x 107 Wb 
Introductory Exercise 27.2 

1. 4.4 V, north 2. 0.00375 N 

Bol? -3Bol? 
3. (a) —— (b 4. No 
(a) 5 (b) 2 

Introductory Exercise 27.3 

1. 3 (t cos t + sint) 2. - 80e, - 40e 

3. (a) 0.625 mH (b) 0.13 J, 0.21 J/s 4. (a) 4.5x 10? H (b) 45x 10? V 


Introductory Exercise 27.4 
1. 3.125 mH, 0.9375 V 2. (a) 2H (b) 30V (c)1H 
3. (a) 0.27 V, Yes (b) 0.27 V 


Introductory Exercise 27.5 
2. (a) 0.2s (b) 10A (c) 9.93A 3. No 
Introductory Exercise 27.6 
2. With KE as v & i and m & L. Therefore, jm -: zu 3. (a) 45.9uC (b) 23.3V 4. 20.0V 


Introductory Exercise 27.7 
1. (a) 31x 10 V (b) 20x 10? V/m 
2. (a) 8.0x 10?! N (downward and to the right perpendicular to Io) 
(b) 0.36 V/m (upwards and to the left perpendicular to n ) 


Exercises 
LEVEL 1 
Assertion and Reason 
1.(d  2.(b) 3. (d) 4. (a,b) 5. (a) 6. (d) 7. (b) 8. (c)  9.(d) 10. (c) 


Objective Questions 

1. (c) 2. (a) 3. (b) 4. (c) 5. (c) 6 (b 7. (b 8. (a) 9% (c 10. (b) 
11. (a) 12. (b 13. (c) 14. (c) 15. (e) 16. (a) 17. (c) 18. (a) 19. (d) 20. (b) 
21. (a) 22. (d) 28. (c) 24. (b) 25. (a) 26. (c) 27. (d) 28. (d) 29. (b) 30. (d) 
31. (b) 32. (a) 33. (a) 84. (d) 35. (c) 36. (b) 37. (c) 38. (c) 39. (a) 
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Subjective Questions 


1. True 2. 272m 
3. e = aSBye"* 4. (a) H in [2 + 3) (b)a (c) zero 
2n d 
5. (a) (0.5) (1- e?7954 (b) 1.50 A- (0.25 A) e 1% 
6. 0.5 T 7. (a) 0.011 V (b) zero (c) -O.011V 
F 
8 f 9. e = Ho 2ia'v 
4n x(x + a) 


3L- L 3L 10. (2 x 105)In 10) V 
11. 3.33x 107 A, 6.67x 107 A 
BAV 12. (a) 0.25 H. (b) 4.5x 10^ Wb 
Fo= 25 13. (a) 1.96H (b) 7.12x 10° Wb 
(a) 14. 0.37 
15. (a) 518 mW (b) 328 mW (c) 191 mW 16. (a) 17.3us (b) 30.7 us 
R+r 
E t 2 
17. (a) £e Cr) (bj. EL 18. A 19. (a) 3.6 mH. (b) 1.33 kHz (c) 0.188 ms 
r 2r(R +r) 3 


20. (a) 6.28x 10° rad/s, 10? s. (b) 107^ cos (6.28x 10°t) (c) 0.0253H (d) O.4A 
21. (a) 1.25x 10? V (b) 8.33x 10^ A (c) 3.125x 10? J (d) 4.33x 10? C, 7.8x 107 J 


LEVEL 2 
Single Correct Option 
1.(b) 2.(c) 3.(a) 4.(b) 5.(c) 6.(a) 7.(a) 8.(c) 9.(c)  10.(a) 


11.(b) 12.(b)  13.(c) 14.(a) 15.(b  16.(a)  17.(b) 18a)  19.d)  20.(a) 
21.(a) 22.(d)  23.(a) 24.(b) 25.(b)  26(d)  27.(b) 28.(b)  29.(aà  30.(o 
31.(c) 32.(b)  33.(c) 34.(a) 35.(a)  36.(d)  37.(d) 


More than One Correct Options 
1.(a,c) 2.(a,c) 3.(a,c) 4.(a,b,d) 5. (a,c) 6.(b,c,d)  7.(b,c) 8. (b,c,d) 9.(a,b,c) 10. (a,c) 


Comprehension Based Questions 
1.(b) 2.(c) 3.(b) 4.(a) 5.(c) 6.(a) 7.(d) 8.(a) 9.(b)  10.(o 
11.(c) 12.(a 13.(d) 


Match the Columns 


1. (a) p (bor (c) s (d) s 
2. (@a)> q (b) p (c) r (d) s 
3. (a)> s (b)—> p (c) s (d)> s 
4. (2925 (b)2 q (c)> p (d)> p 
5. (a)> s (b)> q (c) s (d) p 
6. (@)> qs (b)> pr (œ> p,r (dd> q,s 
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Subjective Questions 


=V 2.i= pu where R’ s ae 3.e- Holo d In SESS + 2a 
R R+R’ 1+ Ro 2n sinat | sinot d+ asinat 
4. 3.6 (1 - e™"L)A. Here, x, = 300 us. Current through 10 Q resistor varies with time. 
5. j= 5ü = p 2000/3» A 
6. (a) 120V (b)a (c) 120V (dc (e) -72V (fb (g)-192V (h)d 
7. (a) qo. (b) 3V9:3V, (c) i= q sinoat. Here, gy = 2CV, and o = m 
8. (a) 20 mV (b) 10/t?^V (c) 63.2us 9. 0.28H 
: 2BgOR BQ 
10. (a) 3V (b)btoa (c) 0.8 N towards right (d) both are 6 W 11. (a) —2— (b) == 
mg m 
FR - B?j? FR 
12. V = — (1 - e7%*) Here, a = jp 
Bap mR + RB'?C' | Ba? 
13. (a) 5x 10* rad/s (b) 1.05x 10° s (c) 1043 uC 14. (a) 8.16 V (b) 5.16 A, 10 Hz 
But - 2 
15.) ve ch deg m y bjia c BU 16. x2. "EU 
Bl R 2 (m+ CB*I^) 
lig EL du mgR 
17. (a) i= — (1-e mR b) v = 
( ) apr ) ( ) T AB?r? 
V Bl ; 2m 4mL 
18. (a) x= = (1- cosot), @= TT (b) i = TE (C) Vmax = Vo = E 
19. (a) i= Fee (R, + R5) (b) Polarity of a, b is positive and polarity of c, d is negative 
1/42 
B?I?t 
e) f a| m+ R+ R 
( ) ext 0 RR, ( 1 2) 


Wolo i 9 uĉiêv . fe - inv 
20. (a) i = —0%2" (n (3j. (b) ZE" (in 32 21. i-(2)n- e^, where e - olo" Inca 
(a) 16aR n? e» (0) 32aR ae | ) R [ l 2n (2) 
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28.1 Introduction 


A century ago, one of the great technological debates was whether the electrical distribution system 
should be AC or DC. Thomas Edison favoured direct current (DC), that is, steady current that does 
not vary with time. George Westinghouse favoured alternating current (AC), with sinusoidally 
varying voltages and currents. He argued that transformers can be used to step the voltage up or down 
with AC but not with DC. Low voltages are safer for consumer use, but high voltages and 
correspondingly low currents are best for long distances power transmission to minimize i^R losses 
in the cables. Eventually, Westinghouse prevailed, and most present day household and industrial 
power distribution systems operate with alternating current. 

ior V ior V 


>t >t 


i= igsin ot i= igcos ot 
or or 
V=Vosin wt V= Vo cos wt 
Fig. 28.1 


A time varying current or voltage may be periodic and non-periodic. In case of periodic current or 
voltage, the current or voltage is said to be alternating if its amplitude is constant and alternate half 
cycle is positive and half negative. If the current or voltage varies periodically as sine or cosine 
function of time, the current or voltage is said to be sinusoidal and is what we usually mean by it. 


28.2 Alternating Currents and Phasors 


The basic principle ofthe AC generator is a direct consequence of Faraday's law of induction. When a 
conducting loop is rotated in a magnetic field at constant angular frequency @ a sinusoidal voltage 
(emf) is induced in the loop. This instantaneous voltage is 


V =V; sin ot ... (1) 
The usual circuit diagram symbol for an AC source is shown in Fig. 28.2. ( ) 
In Eq. (1), V, is the maximum output voltage of the AC generator or the 
voltage amplitude and Q is the angular frequency equal to 27 times Fig. 28.2 
the frequency f. 
0-2mnf 
The frequency of AC in India is 50 Hz, i.e. 
f =50 Hz 
So, @=2nf ~314 rad/s 
The time of one cycle is known as time period T, the number of cycles per second the frequency f. 


1 2n 
T -— Or T =— 
(0) 
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A sinusoidal current might be described as 
If an alternating current is passed through an ordinary ammeter or voltmeter, it will record the mean 


value for the complete cycle, as the quantity to be measured varies with time. The average value of 
current for one cycle is 


[Litt [7 Gg sin or) at 
p E 0 lo S = 


(a qn 


M usd: E (iav )r = 


Thus, Done cycle = 
Similarly, the average value of the voltage (or emf) for one cycle is zero. 
V bone cycle zu 


Since, these averages for the whole cycle are zero, the DC instrument will indicate zero deflection. In 
AC, the average value of current is defined as its average taken over half the cycle. Hence, 


TD. nO —. d 
| idt |, (ig sin cr) t2, 


() = Gav rn = 
: Half cycle ~~ Cay drn ^ (T2 E T/O T lo 
i dt 
0 
This is sometimes simply written as i,,. Hence, 
2. ; 
lay = ites = = lg = 0.637 lo 
Er 2 
Similarly, Va = Vo = 0.637 Vo 
T 


A DC meter can be used in an AC circuit if it is connected in the full wave rectifier circuit. The 


. . . i ie 
average value of the rectified current is the same as the average current in any half cycle, i.e. — times 
T 


the maximum current ij. A more useful way to describe a quantity is the root mean square (rms) 
value. We square the instantaneous current, take the average (mean) value of ? and finally take the 
square root of that average. This procedure defines the root-mean-square current denoted as ims: 
Even when i is negative, i ? is always positive so i,,, is never zero (unless i is zero at every instant). 


Hence, 
T 22/0 » , 
F í i^ dt B i G sin? wt) dt E 2 
( — [at i [^^ a i 2 
0 0 
>. _ [a EX ; 
ias (i —- E 0.707 ig 
Thus, Eee 1 


rms 43 
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Similarly, we get 


The square root of the mean square value is called the virtual value and is the value given by AC 
instruments. 
Thus, when we speak of our house hold power supply as 220 V AC, this means that the rms voltage is 
220 V and its voltage amplitude is 
Vo =V2 Vim =311 V i 
; Ío 
Form Factor ims = 0.70710 
lav = 0.63710 
rms value Vy2 T 


The ratio, = = = =1.11 
average value 2V,/n 242 


1s known as form factor. 


The different values ip, iy and i,,,, are shown in Fig. 28.3. Fig. 28.3 


Note (1) The average value of sin œt, cos wt, sin 20, cos 20, etc., is zero because it is positive in half of the time 
and negative in rest half of the time. Thus, 
(sinat) = (cos ot) = (sin2 wt) = (cos 2 at) =0 
If i 2 ig sinot 
then (i) = (ip sin eot) = ig (sin wt) 20 


(2) The average value of sin? wt and cos? ot is I 


Or (sin? ot) = (cos? ot) = : 
If i? =i§ sin? ot 
2 
then i^y = (i? sin? ot) = id (sin? wt 2 
(f) = (i sin? et) - (sin® ot) = 3 
(3) Like SHM, general expressions of current/voltage in an sinusoidal AC are 
i =i sin (ot € p) 
V «Vs sin (ot + p) 
Or i =i cos (wt + p) 
and V «V, cos (ot + Q) 


(4) Average value of current or voltage over a half cycle can be zero also. This depends on the time interval 
(of course T /2) over which average value is to be found. Think why? 


Phasors 

If an AC generator is connected to a series circuit containing resistors, inductors and capacitors and 
we want to know the amplitude and time characteristics of the alternating current. To simplify our 
analysis of circuits containing two or more elements, we use graphical constructions called phasor 
diagrams. In these constructions, alternating (sinusoidal) quantities, such as current and voltage are 
rotating vectors called phasors. 

In these diagrams, the instantaneous value of a quantity that varies sinusoidally with time is 
represented by the projection onto a vertical axis (if it is a sine function) or onto a horizontal axis (if it 
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is a cosine function) of a vector with a length equal to the amplitude (i, ) of the quantity. The vector 
rotates counterclockwise with constant angular velocity œ. 


or 


O Tocos ot 
Fig. 28.4 


A phasor is not a real physical quantity with a direction in space, such as velocity, momentum or 
electric field. Rather, it is a geometric entity that helps us to describe and analyze physical quantities 
that vary sinusoidally with time. 


© Example 28.1 Show that average heat produced during a cycle of AC is same 
as produced by DC with i = i,,,. 


Solution For an AC, i= i sin Of 

Therefore, instantaneous value of heat produced in time dt across a resistance R is 
dH = i? Rdt = i, R sin? wt dt 

-. Average value of heat produced during a cycle, 


T 20/0 |.» . 2 
7 Jh dH 7 I; (ig Rsin~ wr) dt 


ay’ T 2n/lo 
Í dt Í dt 
0 0 
i 2n 2 
-a( euer 
2 0) 


i.e. AC produces same heating effects as DC of value i = i ims- 


© Example 28.2 If the current in an AC circuit is represented by the equation, 
i = 5 sin (800t — T /⁄4) 
Here, t is in second and i in ampere. Calculate 
(a) peak and rms value of current (b) frequency of AC (c) average current 
Solution (a) As in case of AC, 
i= iysin (Of + ọ) 


*. The peak value, ig - 5A Ans. 
; lo 5 
and lu = —= =—— =3.535A Ans. 
42. 2 
(b) Angular frequency, œ = 300 rad/s 
es es 300 = 47.75 Hz Ans. 
2x 


2n 
(c) in "(2a - (S) nis Ans. 
T T 
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28.3 Current and Potential Relations 
In this section, we will derive voltage current relations for individual circuit elements carrying a 
sinusoidal current. We will consider resistors, inductors and capacitors. 
Resistor in an AC Circuit 
Consider a resistor with resistance R through which there is a sinusoidal current given by 
i= iy sin@t ...(1) 


ae 


R 
— es 


a j b 
Fig. 28.5 

Here, i, is the current amplitude (maximum current). From Ohm's law, the instantaneous PD between 
points a and b is 

Vp =iR = (iR) sin wt 
We can write as 

iR =V), the voltage amplitude 

Vp =V sin or ...(ii) 
From Eqs. (1) and (ii), we can see that current and voltage are in phase if only resistance is in the 
circuit. Fig. 28.6 shows graphs of i and V, as functions of time. 


ior Vg 


i-igsin wt 


>t Vp= Vo sin wt 


Fig. 28.6 Fig. 28.7 
The corresponding phasor diagram is shown in Fig. 28.7. 


Because i and V, are in phase and have the same frequency, the current and voltage phasors rotate 
together, they are parallel at each instant. Their projection on vertical axis represents the 
instantaneous current and voltage respectively. 


Note Direction of an alternating current is not shown in a circuit, as it keeps on changing. In the figure, the 
direction of instantaneous current is only shown. 


Capacitor in an AC Circuit 


Ifa capacitor of capacitance C is connected across the alternating source, the instantaneous charge on 
the capacitor is 


q= CY. = CV, sin wt 
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and the instantaneous current 7 passing through it is given by V= VoSin wt 
d 
js = CVO cos wt 
dt 
Vo 
= sin (Qf + 1/2 q, -q 
Vac C ) — o 
a Il b 
or i= iy sin (Ot + 7/2) md 
l Fig. 25.8 
lo 
Here, Y= 
oC 


This relation shows that the quantity oc is the effective AC resistance or the capacitive reactance of 
@ 


the capacitor and is represented as Xç. It has unit as ohm. Thus, 
1 

Xo =— 

C oC 


It is clear that the current leads the voltage by 90° or the potential drop across the capacitor lags the 
current passing it by 90°. 
Fig. 28.9 shows V and i as functions of time t. 


igsin ot 


>t 


Vo cos ot 


Fig. 28.9 Fig. 28.10 


The phasor diagram 28.10 shows that voltage phasor is behind the current phasor by a quarter 
cycle or 90°. 


Inductor in an AC Circuit 


Consider a pure inductor of self-inductance L and zero resistance 
connected to an alternating source. Again we assume that an 
instantaneous current i=i,sin@t flows through the inductor. 


Although, there is no resistance, there is a potential difference V; L 
between the inductor terminals a and b because the current varies with «— (000000 —e 
time giving rise to a self-induced emf. E >i " 
: di Fig. 28.11 
V, =V =— (induced emf) = — C g 


di 
or V, -Le = Liy® cos Wt 
dt 
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. T ! 
Or V, =Vo sin (o5) ...(1) 
Here, Vo = ig(0L) ...(I1) 
A 
or dg =— 
oL 
V 
i=— sin ot ...(iii) 
oL 


Eq. (iii) shows that effective AC resistance, i.e. inductive reactance of inductor is 


X; -oL 
and the maximum current, 
EE 
aes 
0 X, 


The unit of X; is also ohm. 


From Eqs. (1) and (iii), we see that the voltage across the inductor leads the current passing 
through it by 90°. 
Fig. 28.12 shows V, and i as functions of time. 


ig sin at |--------------------5 io 


>t 


Fig. 28.12 Fig. 28.13 
Phasor diagram in Fig. 28.13 shows that V, leads the current i by 90°. 


© Extra Points to Remember 
e Circuit elements with AC 


Circuit elements Amplitude relation Circuit quantity Phase of V 
Resistor Vo = iP R in phase with 7 
: — d 
Capacitor Vo = igXc Xo = ac lags i by 90° 
Inductor Vo = iX, X, = ol leads i by 90° 


e In DC, o = 0, therefore, X, = Oand Xç = œ% 
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e The potential of point a with respect to point b is given by L 
V =+ Le the negative of the induced emf. This expression gives the 4 in b 
dt . 
Fig. 28.14 


correct sign of V, in all cases. 

e [fan oscillating voltage of a given amplitude V, is applied across an inductor, the resulting current will have 
a smaller amplitude 7, for larger value of o. Since, X, is proportional to frequency, a high frequency voltage 
applied to the inductor gives only a small current while a lower frequency voltage of the same amplitude 
gives rise to a larger current. Inductors are used in some circuit applications, such as power supplies and 
radio interference filters to block high frequencies while permitting lower frequencies to pass through. A 
circuit device that uses an inductor for this purpose is called a low pass filter. 


e The capacitive reactance of a capacitor is inversely proportional to the capacitance C and the angular 
frequency w. The greater the capacitance and the higher the frequency, the smaller is the capacitive 
reactance X... Capacitors tend to pass high frequency current and to block low frequency current, just the 
opposite of inductors. A device that passes signals of high frequency is called a high pass filter. 


e Figure shows the graphs of R, X, and X; as functions of angular frequency o. 
R,X X, 


R 


X 
C o 


Fig. 28.15 
e Remember that we can write, V, = iB, (Vo)p = if, (Vo), = ijX, and (Vj)c =igX— but can't write (for 
instantaneous voltages). 
VELO 
or Vo =iXo 
This is because there is a phase difference between the voltage and current in both an inductor and a 
capacitor. 


6 Example 28.3 A100 Q resistance is connected in series with a 4 H inductor. 
The voltage across the resistor is Vp =(2.0 V) sin (10? rad/s) t: 
(a) Find the expression of circuit current 
(b) Find the inductive reactance 
(c) Derive an expression for the voltage across the inductor. 


. 3 
Solution (a) _ Vr |. (2.0 V)sin (10° rad/s )t 


R 100 
= (2.0x10? A)sin (10° rad/s)t Ans. 
(b) X, =@L= (10° rad/s) (4 H) 
=40x10°Q Ans. 


(c) The amplitude of voltage across inductor, 
V, =iyX, =(2.0x 107 A)(4.0x 10? Q) 
=80V Ans. 
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In an AC, voltage across the inductor leads the current by 90° or 1/2 rad. Hence, 
V, «V, sin (œt + 1/2) 


= (80-V)sin | (10" rad/s) re © rad] 


Note That the amplitude of voltage across the resistor (=2.0 V ) is not same as the amplitude of the voltage 
across the inductor (= 80 V ), even though the amplitude of the current through both devices is the same. 


28.4 Phasor Algebra 


The complex quantities normally employed in AC circuit analysis, can be added and subtracted like 
coplanar vectors. Such coplanar vectors which represent sinusoidally time varying quantities are 
known as phasors. 

In Cartesian form, a phasor A can be written as 


A=a+ jb 


where, a is the x-component and b is the y-component of phasor A. 


The magnitude of A is |A|= Ju* +b? 


and the angle between the direction of phasor A and the positive x-axis is 


0 = tan! B 
a 


When a given phasor A, the direction of which is along the x-axis is multiplied by the operator j, a 
new phasor jA is obtained which will be 90° anti-clockwise from A, i.e. along y-axis. If the operator j 
is multiplied now to the phasor jA, a new phasor j ? A is obtained which is along —x-axis and having 
same magnitude as of A. Thus, 


Fig. 28.16 


fA--A 
f --1 Or jzv-l 


Now, using the 7 operator, let us discuss different circuits of an AC. 


28.5 Series L-R Circuit 


As we know, potential difference across a resistance in AC is in phase with current and it leads in 
phase by 90° with current across the inductor. 


(mo) 
eS 


w- Ui 
|S cage 
VR Vi 
Fig. 28.17 
Suppose in phasor diagram current is taken along positive x-direction. Then, V, is also along positive 
x-direction and V, along positive y-direction, so, we can write 
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V —V, t jV; =iR + j(iX; ) 
—iR-j(ioL) (as X; =@L) 
-iZL 


Fig. 28.18 


Here, Z= R + jX; =R + j (OL)iscalled as impedance ofthe circuit. Impedance plays the same role 
in AC circuits as the ohmic resistance does in DC circuits. The modulus of impedance is 


|IZ| 2 4R? + (oL? 


The potential difference leads the current by an angle, 


[Val R 
oL 
-tan !| — 
Or $ = tan | x ) 
28.6 Series C-R Circuit 
Potential difference across a capacitor in AC lags in phase by 90° with © 


the current in the circuit. 

Suppose in phasor diagram current is taken along positive x-direction. 
Then, Vg is also along positive x-direction but Vç is along negative 
y-direction. So, we can write 


zl 
ga 
N 
co 
a 
© 


>X 


Fig. 28.20 
V =Vr — }Vc =iR - J(iXc) 


-in- (<5) = 


1 
Here, impedance is Z = R — j (= 
OC 
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2 
|Z|= e (c) 
oC 


and the potential difference lags the current by an angle, 


The modulus of impedance is 


V X, l/oC 
$ =tan "|Æ — tan! —© = tan ! | —— 
Vp R R 
1 
or o=tan | Gc] 
ORC 
28.7 Series L-C-F Circuit 
Potential difference across an inductor leads the current by 90° in T0 | | WW- 
phase while that across a capacitor, it lags in phase by 90°. "w w u 
Suppose in a phasor diagram current is taken along positive 
x-direction. Then, V, is along positive x-direction, V, along positive D> 
y-direction and Vo along negative y-direction. CU 
Fig. 28.21 


V = VR? + (V, - Vo)? 


Vi uni d á 
> {R => ? R x 


Vc 


Fig. 28.22 
Let us assume that XY, » Xc or V, »V. 
So, we can write V V, jV; —jVc — iR  j(iX,)— j(iXc) 
=iR +j[i(X, —Xe)=iZ 


. ; 1 
Here, impedance is Z=R+j(X, ~Xc) e Rej [on c) 
(A) 


2 
1 
The modulus of impedance is |Z| = fe os c — =| 
(A) 


and the potential difference leads the current by an angle, 
Ve Ve lan (n -Xe ) 


d= tan !| 4—C 
or ó-tan!| | oC 


Vr 
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Note Let us take the most general case of a series L-C-R circuit in an AC. 


[Zan eX)" 


1 1 1 


If X =X; or oL- ac or œ= Jic or f= "EY the modulus of impedance 
|Z|=R 
and the current is in phase with voltage, Le. if V = Vy sin œt, then 
i zig sinet 
where, ip = Mai = Vo 
|z| R 
Such a condition is known as resonance and frequency known as resonance frequency and is given by 
f- 1 
-2n4LC. 


The current in such a case is maximum. 
If X, > Xc, then the modulus of the impedance 


IZ| 2 JR? + (X, - X)? 


and the voltage leads the current by an angle given by 
a(X,-X 
= tan” | 2e c) 
o=tan (X- 


Le. if V = VY sinot, then i =i sin (ot — p) 
where, ig = Mo 
Iz] 


If X- > X, then the modulus of the impedance is 


|ZIS 48^ 4 0c - XY 


and the current leads the voltage by an angle given by 


af Xe - X 
— tan 1 LM 
ect (A= 
Le. if V =Vosinwt, then i =i sin (ot + o) 
where, lo — Yo 
|Z] 


© Extra Points to Remember 


, Ve V : 2a W 
O fy acm. [Bu gyeinteiell 7 à .——. 
Zee a I2 


e In L-C-R circuit, whenever voltage across various elements is asked, find rms values unless stated in the 
question for the peak or instantaneous value. 


The rms values are 
Vp = mets V. E H rms]. 
and Vo = limsXc 
The peak values can be obtained by multiplying the rms values by 42. The instantaneous values across 
different elements is rarely asked. 
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e Voltage magnification in series resonance circuit At resonance ( = 
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1 
2n4LC 
inductor and the capacitor are equal and 180° out of phase and therefore, cancel out. Hence, the applied 
emf is merely to overcome the resistance opposition only. If an inductance or capacitance of very large 
reactance (X, or Xç) is connected with X, = X» (at resonance) then PD across them increases to a very 
high value. The ratio is known as voltage magnification and is given by, 


) the PD across the 


: 1 
i = 
PD across inductance (or capacitance) _/rms(@L)_@L or (c) NEN 


Applied emf lims(R)  R ims (R) @CR 
This ratio is greater than unity. 


Response curves of series circuit The impedance of an Xu. Xo R, Z, i 
L-C-R circuit depends on the frequency. The dependence is i 
shown in figure. The frequency is taken on logarithmic scale 
because of its wide range. 
From the figure, we can see that at resonance, 

(i) X, =X or o=- XL 
(i) Z = Z nn =R and 

(iii) / is maximum. 


^ > 
Resonance log œ 


Xi-Xc 
Fig. 28.23 


Note Here, by Z we mean the modulus of Z and i means img. 
e Acceptor circuit If the frequency of the AC supply can be varied (e.g. in radio or television signal), then 


in series L-C-R circuit, at a frequency f = 1/2n/LC maximum current flows in the circuit and have a 
maximum PD across its inductance (or capacitance). This is the method by which a radio or television set 
is tuned at a particular frequency. The circuit is known as acceptor circuit. 


© Example 28.4 An alternating emf 200 virtual volts at 50 Hz is connected to a 


circuit of resistance 1 Q and inductance 0.01 H. What is the phase difference 
between the current and the emf in the circuit? Also, find the virtual current in 
the circuit. 


Solution In case of an L-R AC circuit, the voltage leads the current in phase by an angle, 


Ed 
$ = tan (ža) 


Here, X ,=OL= (2nfL) 
= (27) (50) (0.01)= T Q 
and Rz1Q 
o = tan ! (T) = 72.3? Ans. 
, Vos Ys 

Further, os Z| ae 
Substituting the values, we have 

Lams = = = 60.67 A Ans. 


= [+a 
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© Example 28.5 A resistance and inductance are connected in series across a 


voltage, 
V 2 2883 sin 314t 


The current is found to be 4 sin (314t — 1/4). Find the values of the inductance and 
resistance. 
Solution In L-R series circuit, current lags the voltage by an angle, 


X 
-1( ŠL 
= tan — 
il 
T 
Here, =— 
? 4 
X,-R or OL=R (@ = 314 rad/s) 
314L=R (i) 
Further, Vy =i9|Z| 
283-2 A JR? +X? 
2 
or R? +(@L)? = (=) = 5005.56 
or 2R? = 5005.56 (as @L = R) 
R=50Q Ans. 
and from Eq. (i), L=0.16 H Ans. 


© Example 28.6 Find the voltage across the various elements, i.e. resistance, 
capacitance and inductance which are in series and having values 1000 Q, 117" 
and 2.0 H, respectively. Given emf is 


V 2 1004/2 sin 1000 t volt 


Solution The rms value of voltage across the source, 


21002. iy 
V2 
@ = 1000 rad/s 

i — an = V ns — Y rs 
rms 

TERT e 

QC 
100 


2 
(1000)? +| 1000x 2— —— 
1000x 1x 10^ 


= 0.0707 A 
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The current will be same every where in the circuit, therefore, 
PD across resistor, Vg = lms = 0.0707 x 1000 = 70.7 V 


PD across inductor, V, = ms X, = 0.0707 x 1000 x 2= 141.4 V and 
PD across capacitor, Vo =imsX c = 0.0707 x ~ 
1x 1000x 10^ 
=70.7V Ans. 


Note The rms voltages do not add directly as Vp + V, + V- 2 282.8V which is not the source voltage 100 V. 
The reason is that these voltages are not in phase and can be added by vector or by phasor algebra. 


V 24V? + (V, ~ VY 


INTRODUCTORY EXERCISE 


1. (a) What is the reactance of a 2.00 H inductor at a frequency of 50.0 Hz? 
(b) What is the inductance of an inductor whose reactance is 2.00 O at 50.0 Hz? 
(c) What is the reactance of a 2.00 uF capacitor at a frequency of 50.0 Hz? 

(d) What is the capacitance of a capacitor whose reactance is 2.00 Q at 50.0 Hz? 


2. An electric lamp which runs at 100 V DC and consumes 10 A current is connected to AC mains 
at 150 V, 50 Hz cycles with a choke coil in series. Calculate the inductance and drop of voltage 
across the choke. Neglect the resistance of choke. 


3. Acircuit operating at ve Hzcontains a1uF capacitor and a20 Q resistor. How large an inductor 
x 


must be added in series to make the phase angle for the circuit zero? Calculate the current in 
the circuit if the applied voltage is 120 V. 


28.8 Power in an AC Circuit 
In case of a steady current, the rate of doing work is given by 
P=Vi 
In an alternating circuit, current and voltage both vary with time and also they differ in time. So, we 
cannot use P =Vi for the power generated. 
Suppose in an AC, the voltage is leading the current by an angle $. Then, we can write 
V -V,sinot and i= isin (Qf —9) 
The instantaneous value of power in that case is 
P =Vi=V ig sin œt sin (œt — >) 


: l. : . 
Or P = Voisin” Qf cos) ssin2rsing ...(1) 
Now, the average rate of doing work (power) in one cycle will be 


Pdt 


[8 -2mn/o 
2 NNNM T 
(P oi cycle = [ -2n/o0 "m .(ii) 


dt 
0 
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Substituting the value of P from Eq. (1) in Eq. (ii) and then integrating it with proper limits, we get 


= 


Vo ig 
Peis cycle — p 


Voip cosó = —= - —=cosh 


J2 42 
or (P) dd V sla, COS 


Here, the term cos ọ is known as power factor. 


It is said to be leading if current leads voltage, lagging if current lags voltage. Thus, a power factor of 
0.5 lagging means current lags the voltage by 60° (as cos ! 0.5 2609). The product of Vas and iq 
gives the apparent power. While the true power is obtained by multiplying the apparent power by 
the power factor cos. Thus, 

Apparent power = V X ij 
and True power = apparent power x power factor 


For @ «0^, the current and voltage are in phase. The power is thus, maximum (=V ms X ims). For 
Q =90°, the power is zero. The current is then stated wattless. Such a case will arise when resistance 


in the circuit is zero. The circuit is purely inductive or capacitive. The case is similar to that of a 
frictionless pendulum, where the total work done by gravity upon the pendulum in a cycle is zero. 


€» Extra Points to Remember 


Let us consider a choke coil (used in tube lights) of large inductance L and low resistance R. The power 
factor for such a coil is given by 


cose = Ê = 2 ea (as R << oL) 


R? +o ol 


As R << aL, cos is very small. Thus, the power absorbed by the coil Vms fms cos is very small. On 
account of its large impedance Z = JR? + oX'I? , the current passing through the coil is very small. Such a 


coil is used in AC circuits for the purpose of adjusting current to any required value without waste of 
energy. The only loss of energy is due to hysteresis in the iron core, which is much less than the loss of 
energy in the resistance that can also reduce the current instead of a choke coil. 


© Example 28.7 A 750 Hz, 20 V source is connected to a resistance of 100 Q, an 
inductance of 0.1803 H and a capacitance of 10 uF all in series. Calculate the 
time in which the resistance (thermal capacity 2 J /? C) will get heated by 10? C. 


Solution The impedance of the circuit, 


2 
E e = 2_ pi | 10 
Z=R +(X, - Xc) " [oso — 


2 
= (100)? +4 (2x 3.14 x 750 x 0.1803) : 
(2x 3.14x 750x 10? ) 


= 8340 
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In case of an AC, 


= j = V is R m V s : 
(P) V atn cos $ = Vins ) 23 (5 = 23 R 


2 
EJ x 100— 0.0575 J/s 
834 


Now, (P) x t= SA0 

Here, S = thermal capacity 
SA0 2x10 "n 
(P) 0.0575 


Note In AC, the whole energy or power is consumed by resistance. 


© Example 28.8 In an L-C-R series circuit, R 2 150 Q, L 20.750 H and 


C 20.0180 uF. The source has voltage amplitude V = 150 V and a frequency 

equal to the resonance frequency of the circuit. 

(a) What is the power factor? 

(b) What is the average power delivered by the source? 

(c) The capacitor is replaced by one with C = 0.0360 uF and the source frequency is 
adjusted to the new resonance value. Then, what is the average power delivered 
by the source? 


Solution (a) At resonance frequency, 


R 
X, = Gao cC BIO DOWRETRQUIE QUU cc cosi 


2 2 
w) p- Pm = (150//2)" asy 
R 150 
y2 


(c) Again, P= ES =75W 


INTRODUCTORY EXERCISE 
1. If a 0.03 H inductor, a 10 Q resistor and a 2 uF capacitor are connected in series. At what 
frequency will they resonate? What will be the phase angle at resonance? 


2. An arc lamp consumes 10 A at 40 V. Calculate the power factor when it is connected with a 
suitable value of choke coil required to run the arc lamp on AC mains of 200 V (rms) and 50 Hz. 
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Final Touch Points 


1. Frequency of AC in India is 50 Hz. 


2. The AC is converted into DC with the help of rectifier while DC is converted into AC with the help of 
inverter. 


. An AC cannot produce electroplating or electrolysi 


o 


The AC is measured by hot wire ammeter. 


r4 


An AC can be stepped up or down with the help of a transformer. 


An AC can be transmitted over long distances without much power loss. 


An AC can be regulated by using choke coil without any significant waste of energy. 


ouonuno 


In an AC (sinusoidal), current or voltage can have the following four values 
(i) instantaneous value 
(ii) peak value (ig or Vo) 
(iii) rms value (ims OF Vms) 
(iv) average value : In full cycle, average value is zero while in half cycle it is non-zero. 
Note That in sinusoidal AC the average value in half cycle can also be zero. It depends on the time interval 
over which half average value is desired. 


9. In an series L-C-R circuit, 
4 


oC 

(ii) Inductive reactance, X, 2 eL 

(iii) Impedance, Z = JR? + (Xo - X, * 

(iv) If Xe > X, current leads and if X, > Xç, voltage leads by an angle 6 given by 
Ape Ky 


(i) Capacitive reactance, Xç = 


cos ¢= 7 and tano= 


(v) Instantaneous power = instantaneous current x instantaneous voltage 
(vi) Average power = Vms ims COS Q, where 


COS $ = i = power factor. 


Note Power is also equal to p (rss 
But this is not equal to Ps el 


This is because Ving = i,,,Z and cos $ = z, If we substitute in P = Vm; i, cos $, then we get the first relation 


but not the second one. This implies that power is consumed only across resistance. 


"TEM 7 ; V 
(vii) ig = F OF ims = oa 


(viii) (Ve)rms = lims) Xo. Vrms = (ims) X, and Va ms E lms) R 


(ix) V = NYA + Vo~V,)* 


Here, Vis the rms value of applied voltage 
Va is the rms value of voltage across resistance. 
Vo across capacitor and V, across inductor etc. 
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10. w=0, = l is called resonance frequency 
. —_ r — JEG . 


11. Ato =, 
(i) X, 2 Xc 
(ii) Z = minimum value = R 
Ws V. V. 
(iii) ims = maximum value = pm = 7] 


T i V. 
iv) ig = maximum value = —— = 2 
0 


min 


(v) Power factor cos $ =1 


12. In one complete cycle, power is consumed only by resistance. No power is consumed by a capacitor or 
an inductor. 


13. 


o 
2 
C oC 


(0) 


X,=ol > Xx 
R does not depend on o. It is a constant. 
Ato =0, : Xç = X, and Z = Zmn =P 
14. For œ > @,, X, > Xç. Hence, voltage will lead the current or circuit is inductive. 
For œ < œ, Xc > X,. Hence, current will lead the voltage function or circuit is capacitive. 
At @ —0,, Xç = X,. Hence, current function and voltage function are in same phase. 


15. Conditions Phase angle Power factor 
R=0 90° 0 
xX, =X, #0 0° 1 
R#0 
Xe =X, =0 0° 1 
R#0 
0-0, 0* 1 


In all other cases, phase difference between current function and voltage function is 
0° < $ < 90? 


If Xc»X,07 ta (Ae. or cos”! (Z) 


If X Xs a (A56) or cos”! (z) 


solved Examples 


TYPED PROBLEMS 


Type 1. Based on a real inductor 


Concept 


An ideal inductor wire has zero resistance (R = 0). So, in an AC, only X; is the impedance. 
But, a real inductor has some resistance also. In DC, total resistance is only R. In AC, total 


resistance called impedance is Z = 4 R° + X? 


Therefore, 
V 
Ipc = a 
Vac Vac 
and Iac = = 
A ARS AX 
If Vac = Voc; then Iac < Ipc 


© Example 1 A current of 4 A flows in a coil when connected to a 12 V DC source. 
If the same coil is connected to a 12 V, 50 rad /s AC source, a current of 2.4 A 
flows in the circuit. Determine the inductance of the coil. Also, find the power 
developed in the circuit if a 2500 uF capacitor is connected in series with the coil. 
Solution (i) A coil consists of an inductance (L) and a resistance (R). 
In DC, only resistance is effective. Hence, 


-V -2 39 
i 4 
In AC, i i Vias — Vrms 


Substituting the values, we have 


=0.08 H Ans. 
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(ii) When capacitor is connected to the circuit, the impedance is 


Zr - Xo) 
Here, R=3Q 
X, =0L = 60) 0.08)=4 Q 
X= l| 1 M 
oC (50) (2500x109) 


Z-40Y4a4-8y-50 


Now, (P) = Vimstrms C08 $ 


and 8Q 


Substituting the values, we have 


=17.28 W Ans. 


Type 2. Different time functions in AC 


Concept 
In an L-C-R series circuit, there are total five , N QUOND 
functions of time, V, I, V, V. and V;. Now, the V. [| V. 
: i : A ‘ R Vo L 
following points are important in these functions. 
(1) V and I have a phase difference of à where I 
0° < ġ < 90? 


(ii) Vp and J are in same phase 
(iii) Vo lags behind I by 90° (~) 
(iv) V; leads I by 90° 

(v) The functions, V = V; + Ve +V; (all the time) 


6 Example 2 


V = 200 sin (100 t + 30°) 


In the diagram shown in figure, V function is given. Find other four functions of 
time I, Vo, Vg and V,. Also, find power consumed in the circuit, V is given in volts 
and œ in rad/s. 


Note 
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Solution Given, o = 100 rad/s 


Xy =0L =50Q 
1 1 
= = =10 Q 
C eC 100x10” 
ESIR + (X; - Xo}? 
=4 (80)? + 60 — 10)? 
=50 Q 
Current function 
Maximum value of current, 
Yo 2004A 
Z 50 
X; > Xo, therefore voltage leads the current by a phase difference $ where, 
R 30 3 
cos à 2— =— =- 
Z 50 5 
or $ =538° 
E: I-4sin (1004 + 30° — 53?) 
or I =4sin (100 t — 238°) Ans. 


Va Vc and V; functions 
Maximum value of Vp = IR = 4 x 30 = 120 volt, Vg and J are in same phase. 
Therefore, 

Vp = 120 sin (100 t — 23?) Ans. 
Maximum value of Vo =1,X¢ =4 x 10 = 40 volt 
Now, V, function lags the current function by 90°. 
Therefore, 

Vo 2 40 sin (100 t — 23° — 90?) 

or Vo 240 sin (1004 — 113?) Ans. 


Maximum value of V; = I9X;j 24x50 = 200 volt, V; function leads the current function by 90°. 
Therefore, 


Vj, 2 200 sin (100 ¢ — 23? + 90?) 
or V; 2 200 sin (100 ¢ + 67°) Ans. 


We can check at any time that, 
V-zVacVtVe 
Power Power is consumed in an AC circuit only across a resistance and this power is given by 
P = Visas ds cos o 


=I R 


rms 


"E 


= 240 watt Ans. 


Let us use the first formula, 
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Type 3. Parallel circuits 


Concept 
Two or more than two sine or cosine functions of same œ can be added by vector method. 
Actually, their amplitudes are added by vectors method. 


© Example 3 In the circuit shown in figure, 


C 
7 /6000000* mM- 
1 L R4 


V = 200 sin (100 t + 30°) 
R, = 30 0, R,- 40 Q, L= 04 H and C- mF. 


Find seven functions of time I, L , I3, V , VL, Vg, and Vc. Also, find total power 
consumed in the circuit. In the given potential function, V is in volts and o in rad/s. 
Solution Circuit 1 (containing L and R,) 
1: Xy «oL =100 x0.4=40 Q 

R =30 Q 

Z, - JR x? = (0) + 40)? 

=50Q 

Maximum value of current, J, = uci 4A 

Z, 50 


Since, there is only Xj, so voltage function will lead the current function by an angle $;, where 


15 53? 
à I, =4sin (100 t + 30° — 53?) 
or I, =4sin (100 t- 23?) Ans. 
Vp : 


,7 Vp, function is in phase with I, function. 


Maximum value of Vp, = (maximum value of L) (R,) 
= (4) (80) 
= 120 volt 
Vp, = 120 sin (100 t — 23°) Ans. 
V,: V; function is 90? ahead of J, function. 
Maximum value of V; = (maximum value of [,) (Xz) 
= (4)(40) = 160 volt 
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& V; 2160 sin (100 ¢ — 23? + 90?) 
or V; 2160 sin (100 ¢ + 67?) Ans. 
Power In this circuit, power will be consumed only across R. This power is given by 


Pg = (rms value of LPR 


2 
4 
=|—=| (0 
(g) 69 

= 240 watt 
Circuit 2 (containing C and R, ) 
I: p RE NR i =302 

eC 100x 310" 
R,-400 


Z,-4Rl« X2 
= 40)? + (30)? 


=50 Q 
Maximum value of I, = Tis Hs 4A 
Z4 50 
Since, there is only Xç, so I, function will lead the V function by an angle $,, where 
R, 40 4 
cos 92 — = — =- 
Zə 50 5 
$5 = or 
I, =4sin (100 t + 30° + 37?) =4 sin (100 t + 67°) Ans. 


Vka: Vp, function is in phase with J, function. 


Maximum value of Vp, = (maximum value of I5) (R) 
=4 x 40 = 160 volt 
S Vg, 2160 sin (100 t + 67°) Ans. 
Vo: Vo function lags J, function by 90° 
Maximum value of V; = (Maximum value of I,)(X¢) 


=4x30 
= 120 volt 
E? Vo 2120 sin (100 t + 67? — 90?) 
or Vo =120 sin (100 t - 23?) Ans. 


Power In this circuit, power will be consumed only across R, and this power is given by 
Pp, = (rms value of LY B 


2 
m" 
=320 W 
Total power consumed in the circuit, 
P= Pp, + Pp, 
= (240 + 320) W 
=560 W Ans. 
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I: I-lj 4l, 
I-4sin (1002 —23?) + Asin (100 t + 67°) 
Now, the amplitudes can be added by vector method. 


4A 


»- 100 t 


Resultant of 4 A and 4 A at 90? is 4/2 A at 45? from both currents or at 22? from 100 t line. 
: I - A42 sin (100 t + 22°) Ans. 


Miscellaneous Examples 


© Example 4 An AC circuit consists of a 220 Q resistance and a 0.7 H choke. Find 
the power absorbed from 220 V and 50 Hz source connected in this circuit if the 
resistance and choke are joined 


(a) in series (b) in parallel. 
Solution (a) In series, the impedance of the circuit is 
Z - JR3 +o = JR? + nfl)? 


= (220)? + @x3.14x50x0.7)2 X 


=311Q à 
Lo e E Somer A E 
Z 311 
and ipo 0907 
Z 311 
- The power absorbed in the circuit, 
P - Vy C089 


= (220) (0.707) 0.707) 
= 110.08 W Ans. 


(b) When the resistance and choke are in parallel, the entire power is absorbed in resistance, as 
the choke (having zero resistance) absorbs no power. 


View 090) 
R 220 


-220W Ans. 


© Example 5 A sinusoidal voltage of frequency 60 Hz and peak value 150 V is 
applied to a series L-R circuit, where R = 20 Q and L = 40 mH. 


(a) Compute T,w,X,,Z and $ 
(b) Compute the amplitudes of current, Vp and V; 
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Solution (a) T= 7 = a S Ans. 
œ —-2nf = (21)(60) = 377 rad/s Ans. 

X,=@L = (877) (0.040) 
=15.08 Q Ans. 


Z =ĮJX? + R? 
= 4 (15.08)? + (20)? 


=25.05 Q Ans. 


o= tan-"( 2) = tant 2) = tan ! (0.754) 
R 20 


287? Ans. 
(b) Amplitudes (maximum value) are 
pete) =6A Ans. 
Z 25.05 
(Vor = igR = 6020) = 120 V Ans. 
(Vo) = igXT, 
= (6) (15.08) = 90.5 V Ans. 


Note V, - (V); + (V9)? 


6 Example 6 For the circuit shown in figure, find the instantaneous current 
through each element. 


V= Vosin ot SR mid B 


Solution The three current equations are 


Vend ya 
dt 
dV 1. 
and ven ta NO 


The steady state solutions of Eq. (i) are 


e Manus ; : 
in = p ot = (ip)p sin ot 


. V Vi 
i, 2— — cos ot = — — cos ot = — (ip), cos ax 
oL X, 
. Vo B 
and ic = V,.@C cos ot = — cos ot = (ig )c cos ot 
C 


where, the reactances X; and Xç are as defined. 
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© Example 7 In the above problem find the total instantaneous current through 


the source, and find expressions for phase angle of this current and the impedance 
of the circuit. 
Solution For the total current, we have 

i=ipt+iz,tic 


[ | 
= Vi] sinat (3 E LI 
C L 


Using the trigonometric identity, 


Asin + Bcos0 = 4A? + B? sin (0 + 6) 


where, ó = tan ! (B/A) 


We can write, i = io sin @t + p) 
Here, ig = Vo 
Z 
1 (2 $ Gy 
where, - i 
Z R Xo X; 
* - x) 
Xo X 
and tanó- d L 
(1/R) 


Example 8 An L-C-R series circuit with 100 Q resistance is connected to an AC 
source of 200 V and angular frequency 300 rad/s. When only the capacitance is 
removed, the current lags behind the voltage by 60?. When only the inductance is 
removed, the current leads the voltage by 60°. Calculate the current and the power 
dissipated in the L-C-R circuit 

Solution When capacitance is removed, then 


X, 
tang - —L 
no R 
or tan 60° = zx 
R 
X, - J3R (i) 
When inductance is removed, then 
X, 
tan $ = ^E 
? R 
or tan60?- Že 
R 
Xo 248 R ... (ii) 
From Eqs. (i) and (i1), we see that Xo =X, 
So, the L-C-R circuit is in resonance. 
Hence, Z=R 
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Vg. 2007 5 


lene = Z = 100 - Ans. 
(P) = Vas tems C08 $ 

At resonance current and voltage are in phase, 

or g =0° 
(P) = 200) @) (1) 2400 W Ans. 


Example 9 A series L-C-R circuit containing a resistance of 120 Q has 
resonance frequency 4 x 10? rad/s. At resonance the voltages across resistance and 
inductance are 60 V and 40 V, respectively. Find the values of L and C. At what 
angular frequency the current in the circuit lags the voltage by T /4? 
Solution At resonance, X; — Xo =0 
and Z =R=120Q 

io =< Vabrms _ 60 1 

ias R 120 2 


Also, Lms = (s 
oL 
L I (Vs = 40 I 
Qi 5 
m 4 x10?)|— 
exi 
=2.0 x10“ H 
=0.2 mH Ans. 
The resonance frequency is given by 
1 1 
o = —— or C= 
VLC o?L 
Substituting the values, we have 
1 
C= 52 -4 
(4 x10?)* 2.0x10 ^) 
=3.125 x10? F Ans. 


Current lags the voltage by 45°, when 


oL 
tan 45° 2 — C 
R 


Substituting the values of L, C, R and tan 45°, we get 
Q 28x10? rad/s Ans. 


Example 10 A choke coil is needed to operate an arc lamp at 160 V (rms) and 
50 Hz. The lamp has an effective resistance of b Q when running at 10 A (rms). 
Calculate the inductance of the choke coil. If the same arc lamp is to be operated 
on 160 V (DC), what additional resistance is required? Compare the power loses 
in both cases. 
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Solution For lamp, 
(Vins )n = (Csr) (R) -10x5250V 


V= Vosin ot 


In series, 
(Vims)? = (Vas) + (Vins) 


(Vims ) =y (Vs P ~ (Vs Nr 
= 60) — 60)? 


=152V 
As, Vist = Ga) Xr = (ims) QGnfL) 
= Vins dz 
Qnf) (ims) 
Substituting the values, we get 
152 
E = 
(n) (50) (10) 
24.84x10? H Ans. 


Now, when the lamp is operated at 160 V, DC and instead of choke let an additional resistance 
R is put in series with it, then 


V=i(R+ R’) 
or 160=106+ R’) 
R’=11 Ans. 


In case of AC, as the choke has no resistance, power loss in choke is zero. 
In case of DC, the loss in additional resistance R is 
P-i?R' = 010) (11) 
=1100 W Ans. 


Exercises 


LEVEL 1 


Assertion and Reason 

Directions : Choose the correct option. 
(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 
(d) If Assertion is false but the Reason is true. 

1. Assertion: In an AC circuit, potential difference across the capacitor may be greater than 
the applied voltage. 
Reason: V, = IXç, whereas V = IZ and Xç can be greater than Z also. 

2. Assertion: In series L-C-R circuit, voltage will lead the current function for frequency 
greater than the resonance frequency. 
Reason: At resonance frequency, phase difference between current function and voltage 
function is zero. 

3. Assertion: Resonance frequency will decrease in L-C-R series circuit if a dielectric slab is 
inserted in between the plates of the capacitor. 
Reason: By doing so, capacity of capacitor will increase. 


4. Assertion: Average value of current in the given graph is 3 A. 


Reason: Average value can't be greater than the peak value of any function. 

5. Assertion: In series L-C-R circuit, if a ferromagnetic rod is inserted inside an inductor, 
current in the circuit may increase or decrease. 
Reason: By doing so X, will increase. 

6. Assertion: Potential difference across, resistor, capacitor and inductor each is 10 V. Then, 
voltage function and current functions should be in phase. 
Reason: At this condition current in the circuit should be maximum. 


7. Assertion: At some given instant J, and J, both are 2 A each. Then, J at this instant should 
be zero. 
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10. 


11. 


— p E — 


h 


^6000* 


——©) 


Reason: There is a phase difference of n between J, and I, functions. 


. Assertion: Peak value of current in AC through a resistance of 10 Q is 2 A. Then, power 


consumed by the resistance should be 20 W. 
Reason: Power in AC is Pelo 


. Assertion: An inductor coll normally produces more current with DC source compared to an 


AC source of same value of rms voltage. 

Reason: In DC source, applied voltage remains constant with time. 

Assertion: In an L-R series circuit in AC, current in the circuit will decrease with increase 
in frequency. 

Reason: Phase difference between current function and voltage function will increase with 
increase in frequency. 

Assertion: Inseries L-C-R, AC circuit, current and voltage are in same phase at resonance. 


Reason: In series L-C-R, AC circuit, resonant frequency does not depend on the value of 
resistance. Hence, current at resonance does not depend on resistance. 


Objective Questions 


1. 


The term cos 6 in an AC circuit is called 
(a) form factor (b) phase factor 
(c) power factor (d) quality factor 


. A DC ammeter cannot measure alternating current because 


(a) AC changes its direction 

(b) DC instruments will measure the average value 

(c) AC can damage the DC instrument 

(d) AC produces more heat 

As the frequency of an alternating current increases, the impedance of the circuit 


(a) increases continuously (b) decreases continuously 
(c) remains constant (d) None of these 
Phasor diagram of a series AC circuit 1s shown in figure. Then, V 


(a) The circuit must be containing resistor and capacitor only 

(b) The circuit must be containing resistor and inductor only 

(c) The circuit must be containing all three elements L,C and R 30° sT 
(d) The circuit cannot have only capacitor and inductor 


The rms value of an alternating current 
(a) is equal to 0.707 times peak value 

(b) is equal to 0.636 times peak value 

(c) is equal to V2 times the peak value 

(d) None of the above 


10. 


11. 


12. 


13. 


14. 


15. 
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. In an AC circuit, the applied potential difference and the current flowing are given by 


V = 200 sin 100: volt, I = 5 sin [100 t- z) amp 


The power consumption is equal to 
(a) 1000 W (b) 40 W 
(c) 20 W (d) zero 


. The impedance of a series L-C-R circuit in an AC circuit is 


(a) JR+ Q,- Xo) (b) 4? « (X7 - X2) 


(c) R (d) None of these 


. If V) and I, are the peak current and voltage across the resistor in a series L-C-R circuit, then 


the power dissipated in the circuit is (Power factor = cos 0) 
(a) “ale (b) M (c) Vol) cos 0 (d) “aly cos 0 


. A generator produces a time varying voltage given by V = 240 sin 120 t, where ¢ is in second. 


The rms voltage and frequency are 

(a) 170 V and 19 Hz (b) 240 V and 60 Hz 

(c) 170 V and 60 Hz (d) 120 V and 19 Hz 

An L-C-R series circuit has a maximum current of 5 A. If L= 0.5 H and C= 8uF, then the 
angular frequency of AC voltage 1s 

(a) 500 rad/s (b) 5000 rad/s 

(c) 400 rad/s (d) 250 rad/s 

The current and voltage functions in an AC circuit are 


i = 100 sin 1007 mA, V = 100 sin [100 + z) V 


The power dissipated in the circuit is 


(a) 10 W (b) 2.5 W (c) 5W (d) 5 kW 
A capacitor becomes a perfect insulator for 
(a) alternating current (b) direct current (c) both (a) and (b) (d) None of these 


For an alternating voltage V = 10 cos 100 zt volt, the instantaneous voltage at t = aw sis 


(a) 1V (b 5V 

(co) 543 V (d) 10 V 

In a purely resistive AC circuit, 

(a) voltage leads current (b) voltage lags current 
(c) voltage and current are in same phase (d) nothing can be said 


Identify the graph which correctly represents the variation of capacitive reactance Xo with 
frequency 


Xc Xc Xc Xc 
(a) (b) C (c) b (d) UN 
o >f Ol >f o f o f 
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16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


In an AC circuit, the impedance is 43 times the reactance, then the phase angle is 
(a) 60° (b) 30° 
(c) zero (d) None of these 


Voltage applied to an AC circuit and current flowing in it is given by 
V = 20042 sin [or + z) and i = — V2 cos [or + z) 


Then, power consumed in the circuit will be 
(a) 200 W (b) 400 W 
(c) 2004/2 W (d) None of these 


When 100 volt DC source 1s applied across a coll, a current of 1 A flows through it. When 100 V 
AC source of 50 Hz is applied to the same coil, only 0.5 A current flows. Calculate the 
inductance of the coil. 


(a) (//3) H (b) (3/1) H 
(c) Q/x) H (d) None of these 
In the circuit shown in figure, the reading of the AC ammeter 1s 

TUF 

©) 

V = 20032 sin 100t 
(a) 20/2 mA (b) 40/2 mA (c) 20 mA (d) 40 mA 
An AC voltage is applied across a series combination of L and R. If the voltage drop across the 


resistor and inductor are 20 V and 15 V respectively, then applied peak voltage is 


(a) 25 V (b) 35V 

(c) 2542 V (d) 547 V 

For wattless power in an AC circuit, the phase angle between the current and voltage is 
(a) 0° (b) 90° 

(c) 45° (d) Not possible 


The correct variation of resistance R with frequency f is given by 


R R R R 
(a) (b) (c) (d) 
f f f f 


If L and R be the inductance and resistance of the choke coil, then identify the correct 
statement. 


(a) Lis very high compared to R (b) Ris very high compared to L 
(c) Both L and R are high (d) Both L and R are low 


24. 


25. 


26. 


2T. 


28. 


29. 


30. 
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When an AC signal of frequency 1 kHz is applied across a coil of resistance 100 O, then the 
applied voltage leads the current by 45?. The inductance of the coil 1s 


(a) 16 mH (b) 12 mH 

(c) 8 mH (d) 4 mH 

The frequency of an alternating current is 50 Hz. The minimum time taken by it in reaching 
from zero to peak value is 

(a) 5 ms (b) 10 ms 

(c) 20 ms (d) 50 ms 


An alternating voltage is applied across the R-L combination. V = 220 sin 120 £ and the current 
I = 4 sin (120t — 60?) develops. The power consumption is 


(a) zero (b) 100W 

(c) 220 W (d) 440 W 

In the AC network shown in figure, the rms current flowing through the C 
inductor and capacitor are 0.6 A and 0.8 A, respectively. Then, the current a i 
coming out of the source is L 

(a) 1.0 A VOUT 
(b) 1.4A 

(c) 0.2A © 


(d) None of the above 


The figure represents the voltage applied across a pure inductor. The diagram which correctly 
represents the variation of current i with time tis given by 


V 


>t 


i i i i 
(a) o t (Do t (00 V 7 «t (9 | 7 t 


A steady current of magnitude J and an AC current of peak value J are allowed to pass through 
identical resistors for the same time. The ratio of heat produced in the two resistors will be 


(a) 2:1 (b) 1:2 

(c) 1:1 (d) None of these 

A 50 Hz AC source of 20 V is connected across R and C as shown in figure. R C 
The voltage across Ris 12 V. The voltage across C is 

(a) 8V 

(b) 16 V 

(c) 10V 


(d) Not possible to determine unless value of Rand C are given 
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Subjective Questions 
Note You can take approximations in the answers. 


1. A 300 Q resistor, a 0.250 H inductor, and a 8.00 uF capacitor are in series with an AC source 
with voltage amplitude 120 V and angular frequency 400 rad/s. 


(a) What is the current amplitude? 


(b) Whatis the phase angle of the source voltage with respect to the current? Does the source voltage 
lag or lead the current? 


(c) What are the voltage amplitudes across the resistor, inductor, and capacitor? 
2. A series circuit has an impedance of 60.0 Q and a power factor of 0.720 at 50.0 Hz. The source 
voltage lags the current. 


(a) What circuit element, an inductor or a capacitor, should be placed in series with the circuit to 
raise its power factor? 
(b) What size element will raise the power factor to unity? 


3. Voltage and current for a circuit with two elements in series are expressed as 
V (t) 2 170 sin (6280¢ + x/3) volt 
i (t) = 8.5 sin (6280t + 1/2) amp 
(a) Plot the two waveforms. 
(b) Determine the frequency in Hz. 
(c) Determine the power factor stating its nature. 
(d) What are the values of the elements? 


4. A 5.00 H inductor with negligible resistance is connected across an AC source. Voltage 
amplitude is kept constant at 60.0 V but whose frequency can be varied. Find the current 
amplitude when the angular frequency is 
(a) 100 rad/s 
(b) 1000 rad/s 
(c) 10000 rad/s 


5. A 300 Q resistor is connected in series with a 0.800 H inductor. The voltage across the resistor 
as a function of time is Vp = (2.50 V) cos [(950 rad/s)t]. 
(a) Derive an expression for the circuit current. 
(b) Determine the inductive reactance of the inductor. 
(c) Derive an expression for the voltage V; across the inductor. 
6. An L-C-R series circuit with L = 0.120 H, R= 240 O, and C= 7.30 uF carries an rms current of 
0.450 A with a frequency of 400 Hz. 
(a) What are the phase angle and power factor for this circuit? 
(b) What is the impedance of the circuit? 
(c) What is the rms voltage of the source? 
(d) What average power is delivered by the source? 
(e) What is the average rate at which electrical energy is converted to thermal energy in the 
resistor? 
(f) What is the average rate at which electrical energy is dissipated ( converted to other forms) in 
the capacitor? 
(g) In the inductor? 


LEVEL 2 


Single Correct Option 


1. A capacitor and resistor are connected with an AC source as shown in figure. Reactance of 
capacitor is Xo = 3Q and resistance of resistor is 4Q. Phase difference between current 


I and J, is [s (2 - | 


V = Vo sin ot 
(a) 90° (b) zero (c) 53° (d) 37° 


2. A circuit contains resistance R and an inductance L in series. An alternating voltage 
V = Vo sin œt is applied across it. The currents in R and L respectively will be 
UOUU 


R L 
©) 
AC 
(a) Ip = Ig cos wt, I, = I) cos wt (b) Ip =- Ig sin wt, I; = Ip cos wt 
(c) Ip = Io sin ot, Iz =— Ip cos œt (d) None of the above 


3. In the circuit shown in figure, the AC source gives a voltage V = 20 cos (20001). Neglecting 
source resistance, the voltmeter and ammeter readings will be 


60 
Q—wWW—f(A) 
5mH,4Q  50guF 
I 
h 
V 
(a) OV, 2.0 A (b 0V, L.4A (c) 5.6 V, 1.4 A (d) 8V,2.0A 


4. A signal generator supplies a sine wave of 200 V, 5 kHz to the circuit shown in the figure. Then, 
choose the wrong statement. 


200 V, 5 kHz 
(a) The current in the resistive branch is 0.2 A 
(b) The current in the capacitive branch is 0.126 A 
(c) Total line current is = 0.283 A 
(d) Current in both the branches is same 
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. A complex current wave is given by i= (5+ 5 sin 100 œt) A. Its average value over one time 
period is given as 


(a) 10A (b) 5A 
(c) V50 A (d) 0 


. An AC voltage V = V, sin 100 tis applied to the circuit, the phase difference between current 
and voltage is found to be 7/4, then 


Vl 


>t 


(a) R=1000,C=1uF (b R=1kQ,C =10uF 

(o) R=10kQ,L=1H (d R=1kQ,L=10H 

. In series L-C-R circuit, voltage drop across resistance 1s 8 V, across inductor is 6 V and across 
capacitor is 12 V. Then, 

(a) voltage of the source will be leading in the circuit 

(b) voltage drop across each element will be less than the applied voltage 

(c) power factor of the circuit will be 3 /4 

(d) None of the above 


. Consider an L-C-R circuit as shown in figure with an AC source of peak value V, 
and angular frequency œ. Then, the peak value of current through the AC 
source is 


2 
(a) Yo __ ©) V, E [oc -x) 
— +| oL -— 
Ios | oC ) 
(c) Vo (d) None of these 
\ Ru [or - ac] 


. The adjoining figure shows an AC circuit with resistance R, inductance L and source voltage 
V,. Then, 


R L 
V 
70V 20V 
© 
Vs 


(a) the source voltage V, = 72.8 V 


(b) the phase angle between current and source voltage is tan ! (7/2) 
(c) Both (a) and (b) are correct 


(d) Both (a) and (b) are wrong 


10. 


11. 


12. 


13. 


14. 
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When an alternating voltage of 220 V 1s applied across a device P, a current of 0.25 A flows 
through the circuit and it leads the applied voltage by an angle 7/2 radian. When the same 
voltage source is connected across another device Q, the same current is observed in the circuit 
but in phase with the applied voltage. What 1s the current when the same source 1s connected 
across a series combination of P and Q? 


1 1 
a) ——A lagging in phase by 2/4 with voltage (b) —— A leading in phase by 1/4 with voltage 
(a) AB gging in p y ge (b) Pu ginp y g 
(c) + A leading in phase by 2/4 with voltage (d) iB A leading in phase by 2/2 with voltage 


In a parallel L-C-R circuit as shown in figure if Ip, Iz, Iç and I represent the rms values of 
current flowing through resistor, inductor, capacitor and the source, then choose the 
appropriate correct answer. 


IR R 
m~m 
pL 
F—— 0000 —3 
Ir £ 
= | 
I 
© 
(a) IT=Ipt+ Ip Io (D I=Ir+ 3- Ic 
(c) I; or Iç may be greater than I (d) None of these 


In a series L-C-R circuit, current in the circuit is 11 A when the applied voltage is 220 V. 
Voltage across the capacitor is 200 V. If the value of resistor is 20 Q, then the voltage across the 
unknown inductor is 


(a) zero (b) 200 V 
(c) 20V (d) None of these 
In the circuit shown in figure, the power consumed is 

R L 

V = Vo sin ot 
vè VR 

a) zero — €) — —— d) None of these 
(a) b) 2R © 2(R?+ œT’) s 
In a series L-C circuit, the applied voltage is Vo. If@ is very low, then the L C 
voltage drop across the inductor V; and capacitor Vç are 
(a) Veo (b) V; 20; Vo 2 V, 


(c) Vj; 2 V5; Vo =0 (d) V, =- Veo 
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15. 


16. 


17. 


18. 


A coll, a capacitor and an AC source of rms voltage 24 V are connected in series. By varying the 
frequency of the source, a maximum rms current of 6 A is observed. If coil is connected to a DC 
battery of emf 12 volt and internal resistance 4 Q, then current through it in steady state is 
(a) 2.4A (b) 1.8A 

(c) 15A (d) 12A 


In a series C- R circuit shown in figure, the applied voltage is 10 V and the voltage across 
capacitor is found to be 8 V. The voltage across R, and the phase difference between current 
and the applied voltage will respectively be 


x 8v e VR > 
C R 
M 10V i 
(a) 6 V, ten '(2) (b) 3 V, tan) 
(c) 6V, tan (2) (d) None of these 


An AC voltage source described by V = 10 cos (1/2) tis connected to a 1 uF capacitor as shown in 
figure. The key K is closed at t= 0. The time (t> 0) after which the magnitude of current I 
reaches its maximum value for the first time 1s 


z | 
V=10cos5t C-1yF 
"E 


(a) 1s (b) 2s 
(c) 3s (d) 4s 


An AC voltage source V = V, sin ot is connected across resistance R and capacitance C as 
shown in figure. It is given that R = 1/œC. The peak current is Jp. If the angular frequency of the 
voltage source is changed to w/ 43, then the new peak current in the circuit 1s 


R 
Vo sin œt n 
Io do. 
a o- 
g (a) 40 
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More than One Correct Options 


1. In a R-L-C series circuit shown, the readings of voltmeters V, and V, are 100 V and 120 V. 
Choose the correct statement(s). 


WWW “Lara l| 


V=130V 


(a) Voltage across resistor, inductor and capacitor are 50 V, 86.6 V and 206.6 V respectively 
(b) Voltage across resistor, inductor and capacitor are 10 V, 90 V and 30 V respectively 


(c) Power factor of the circuit is P 


(d) Circuit is capacitive in nature 
2. Current in an AC circuit is given by i = 3 sin @t + 4cos ot, then 


(a) rms value of current is 5 A 


(b) mean value of this current in positive one-half period will be i 
T 


(c) if voltage applied is V = V„sin œt, then the circuit may contain resistance and capacitance 
(d) if voltage applied is V = V,, cos wt, then the circuit may contain resistance and inductance only 


3. Atubelight of 60 V, 60 W rating is connected across an AC source of 100 V and 50 Hz frequency. 
Then, 


: 2 : : 
(a) an inductance of = H may be connected in series 
T 
: 250 : ] : 
(b) a capacitor of — uF may be connected in series to it 
T 


: 4 : i 
(c) an inductor of = H may be connected in series 
T 


(d) a resistance of 40 Q may be connected in series 


4. In an AC circuit, the power factor 
(a) is unity when the circuit contains an ideal resistance only 
(b) is unity when the circuit contains an ideal inductance only 
(c) is zero when the circuit contains an ideal resistance only 
(d) is zero when the circuit contains an ideal inductance only 
5. In an AC series circuit, R = 10 Q, X, = 20 Q and Xç = 10 Q. Then, choose the correct options 
(a) Voltage function will lead the current function 
(b) Total impedance of the circuit is 1042 Q 
(c) Phase angle between voltage function and current function is 45? 


> "Tes! 
(d) Power factor of circuit is — 


42 
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6. In the above problem further choose the correct options. 
(a) The given values are at frequency less than the resonance frequency 
(b) The given values are at frequency more than the resonance frequency 
(c) If frequency is increased from the given value, impedance of the circuit will increase 
(d) If frequency is decreased from the given value, current in the circuit may increase or decrease 


7. In the circuit shown in figure, 


40 Q. X,2200 
WWW] LTT) 
2A 100 V 
V= Vosin ot 
(a) Vp =80V (b) Xo 2500 
(c) V, =40V (d) V)=100V 


8. In L-C-R series AC circuit, 
(a) If Ris increased, then current will decrease (b) If L is increased, then current will decrease 
(c) IfC is increased, then current will increase (d) If C is increased, then current will decrease 


Comprehension Based Questions 
Passage (Q. No. 1 to 3) 


A student in a lab took a coil and connected it to a 12 V DC source. He measures the steady state 
current in the circuit to be 4 A. He then replaced the 12 V DC source by a12 V, (o 2 50rad/s)AC 
source and observes that the reading in the AC ammeter is 2.4 A. He then decides to connect a 
2500 uF capacitor in series with the coil and calculate the average power developed in the 
circuit. Further he also decides to study the variation in current in the circuit (with the capacitor 
and the battery in series). 


Based on the readings taken by the student, answer the following questions. 


1. The value of resistance of the coil calculated by the student is 
(a) 3Q (b) 4Q 
(c) 590 (d 89 

2. The power developed in the circuit when the capacitor of 2500 uFis connected in series with the 
coll 1s 
(a) 28.8 W (b) 23.04 W 
(c) 17.28 W (d) 9.6 W 


3. Which of the following graph roughly matches the variations of current in the circuit (with the 
coil and capacitor connected in the series) when the angular frequency is decreased from 
50 rad/s to 25 rad/s? 


i i i : 
(a) NS (b) p © N. (d) 
25 50 ò 0 Ò 


1 
25 50 © 25 50 © 25 50 


Sy 
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Passage Il (Q. No. 4 to 6) 


It is known to all of you that the impedance of a circuit is dependent on the frequency of source. 
In order to study the effect of frequency on the impedance, a student in a lab took 2 impedance 
boxes P and Q and connected them in series with an AC source of variable frequency. The emf of 
the source is constant at 10 V. Box P contains a capacitance of 1| in series with a resistance of 
32 Q. And the box Q has a coil of self-inductance 4.9 mH and a resistance of 68 Q in series. He 


adjusted the frequency so that the maximum current flows in P and Q. Based on his 
experimental set up and the reading by him at various moment, answer the following questions. 


4. The angular frequency for which he detects maximum current in the circuit is 


(a) 10? /7 rad/s (b) 10* rad/s 

(c) 10° rad/s (d) 10*/7 rad/s 
5. Impedance of box P at the above frequency is 

(a) 70Q (b) 772 

(c) 90 O (d) 100 Q 
6. Power factor of the circuit at maximum current is 

(a) 1/2 (b) 1 

(c) 0 (d) 14/2 


Match the Columns 
1. Match the following two columns for a series AC circuit. 
Column I Column II 


(a) Only Cin the circuit | (p) current will lead 
(b) Only Lin the circuit |(q) voltage will lead 
(c) Only Rin the circuit |(r) $90? 

(d) Rand C in the circuit | (s) 0-0? 


2. Applied AC voltage is given as 
V = V) sin ot 


Corresponding to this voltage, match the following two columns. 


Column I Column II 
(a) I= Isin wt (p) only R circuit 
(b) I=- Ig cos wt (q) only L circuit 


(c) I= Isin @t + 7/6) (r) may be C-R circuit 
(d) I= Ig sin (ot — x/6) (s) may be L-C-R circuit 


3. For an L-C-R series AC circuit, match the following two columns. 


Column I Column II 


(a) If resistance is increased  |(p) current will increase 

(b) If capacitance is increased |(q) current will decrease 

(c) If inductance is increased  |(r) current may increase or decrease 
(d) If frequency is increased (s) power may decrease or increase 
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4. In the circuit shown in figure, match the following two columns. In Column II, quantities are 
given in SI units. 
Xc2309, X; 2150 


2440V 


Column I Column II 


(a) Value of resistance R (p 60 
(b) Potential difference across capacitor | (q) 20 
(c) Potential difference across inductor (r) 30 


(d) Applied potential difference (s None of the above 


5. Corresponding to the figure shown, match the two columns. 


Column I Column II 
(a) Resistance (p) 4 
(b) Capacitive reactance | (q) 1 
(c) Inductive reactance (r) 2 
(d) Impedance (s 3 


Subjective Questions 
Note Power factor leading means current is leading. 


1. A coilisin series with a 20 uF capacitor across a 230 V, 50 Hz supply. The current taken by the 
circuit is 8 A and the power consumed is 200 W. Calculate the inductance of the coil if the 
current in the circuit 1s 


(a) leading (b) lagging 


2. The current in a certain circuit varies with time as shown in figure. Find the average current 
and the rms current in terms of I. 


3. Two impedances Z, and Z, when connected separately across a 230 V, 50 Hz supply consume 
100W and 60W at power factor of 0.5 lagging and 0.6 leading respectively. If these 
impedances are now connected in series across the same supply, find 
(a) total power absorbed and overall power factor 
(b) the value of reactance to be added in series so as to raise the overall power factor to unity. 
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4. In the figure shown, the reading of voltmeters are V; = 40 V, V, = 40 V and V, = 10 V. Find 
Oy [-09 | Q 


nmo HH | 
© 


E- Eg sin (100 nt +=) 


(a) the peak value of current (b) the peak value of emf 
(c) the value of L and C 

5. In the circuit shown in figure power factor of box is 0.5 and power factor of circuit is 43/2. 
Current leading the voltage. Find the effective resistance of the box. 


Box 


S100 


O 


6. A circuit element shown in the figure as a box is having either a capacitor or an inductor. The 
power factor of the circuit is 0.8, while current lags behind the voltage. Find 


C 
[ ] | | 
Box | | 
o 
1A Vc=100V 
ANN ^s 


R-809 V, 50Hz 
(a) the source voltage V, 
(b) the nature of the element in box and find its value. 


7. The maximum values of the alternating voltages and current are 400 V and 20 A respectively 
in a circuit connected to 50 Hz supply and these quantities are sinusoidal. The instantaneous 
values of the voltage and current are 20042 V and 10 A, respectively. At t= 0, both are 
increasing positively. 

(a) Write down the expression for voltage and current at time f. 
(b) Determine the power consumed in the circuit. 


8. An L-C circuit consists of an inductor coil with L = 5.00 mH and a 20.0 uF capacitor. There is 
negligible resistance in the circuit. The circuit is driven by a voltage source with V = V, cosot. 
If Vy = 5.00 mV and the frequency is twice the resonance frequency, determine 
(a) the maximum charge on the capacitor 
(b) the maximum current in the circuit 
(c) the phase relationship between the voltages across the inductor, the capacitor and the source. 
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9. A coil having a resistance of 5 O and an inductance of 0.02 H is arranged in parallel with 
another coll having a resistance of 1 Q and an inductance of 0.08 H. Calculate the power 
absorbed when a voltage of 100 V at 50 Hz is applied. 


50 0.02 H 
W- OOO 
19 0.08H 
WW. 
Ai 
100V— — 
50 Hz 


10. A circuit takes a current of 3 A at a power factor of 0.6 lagging when connected to a 
115 V — 50 Hz supply. Another circuit takes a current of 5 A at a power factor of 0.707 leading 
when connected to the same supply. If the two circuits are connected in series across a 230 V, 
50 Hz supply, then calculate 
(a) the current (b) the power consumed and (c) the power factor 


Answers 
Introductory Exercise 28.1 
1. (a) 628Q (b) 6.37 mH (c) 1.59kQ (d) 1.59 mF 2. 0.036 H, 111.8V 8. 7.7H, 6A 
Introductory Exercise 28.2 
1.650Hz 0 2. 0.2 
Exercises 
LEVEL 1 
Assertion and Reason 
i (d 2.0 3. (a)  4.(b) 5.(aorb) 6. (b) 7. (a) 8.(ab) 9. (b) 10. (b) 


11. (c) 


Objective Questions 

1. (c) 2. (b 3. (d 4 (d) 5. (a) 6. (d 7. (d) 8. (d) 9. (a) 10. (a) 
11. (b 12. (b 13. (c) 14. (c 15. (b 16. (d) 17. (d) 18. (b) 19. (c) 20. (c) 
21. (b) 22. (a) 23. (a) 24. (a) 25. (a) 26. (c) 27. (c) 28. (c) 29. (a) 30. (b) 
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Subjective Questions 
1. (a) 0.326 A (b) 35.3°, lagging (c) 97.8 V, 32.6 V, 102 V 
2. (a) Inductor (b) 0.133 H 


3. (b) 1000 Hz (c) 3. leading (d) R 2 17.320,C =15.92uF 


4. (a) O.12A (b) 1.2x 10? A (c) 1.2x 105 A 
5. (a) (8.33 mA)cos (950 rad/s)t (b) 7600 (c) - (6.33 V) sin (950 rad/s)t 
6. (a) 45.8? , voltage leads the curren,t 0.697 (b) 3430 (c)155V (d) 486W (e) 486W (fO (g) 0 


LEVEL 2 
Single Correct Option 
1.(c) 2.(d) 3.(c) 4.(b) 5.(b) 6.(b) 7.(d) 8.(b) 9.(a)  10.(b) 


11.(c) 12.(b)  13.(o) 14.(b) 15.) 16.) 17.(a)  18.(b) 


More than One Correct Options 
l(acd)  2.(cd) 3.(c,d) 4.(a,d) 5.(a,b,c,d) 6.(b,c,d) 7.(a,b,c) 8.(a) 


Comprehension Based Questions 
1.(a) 2.(c) 3.(b) 4.(a) 5.(b) 6.(b) 


Match the Columns 


1. (apr (b)> qr (c) s (d) p 
2. (ao ps (bog (c) B r,s (d) s 
3. (ajo qs (b)ors (c) — r,s (d) r,s 
4. (ado q (b) p (c) r (d) s 
5. (a)> s (b) > p (c) r (d)> q 


Subjective Questions 
1. (a) 0.416H (b) 0.597H_ 2. zero, 9. 8. (a) 99 W, 0.92 leading (b) 194.2 Q 


1 


4. (a) 10/2A (b) 50 J2V (c) z^ (d) TOUR 


6. (a) 100 V. (b) inductor, L = 19 
T 


7. (a) V = 400 sin (100zt + 2/4), i = 20sin (100zt + 1/6) (b) P= 3864 W 


. (a) 33.4 nC (b) 0.211 mA 
(c) Source and inductor voltages in phase. Capacitor voltage lags by 180°. 
9. 797 W 10. (a) 5.5A (b) 1.188 kW (c) 0.939 lag 


© 


Hints 
Solutions 


Current Electricity 


INTRODUCTORY EXERCISE 


.it — (0.7(D 
e 16x10" 
= 4375 x 10! 
q-it 
= (3.6) (3 x 60 x 60) 
= 38880 C 
. (a) v q-it-(7.5 (45) 2337.5 C 
337.5 


v | 22x10 
2nr (21)(53x10 !!) 
= 6.6 x 10P Hz 
I-qf 
- (1.6 x 10 7?) (6.6 x 105) 
=1.06x10 7A 
= 1.06 mA 


10 10 
. Aq = | iat = Jao + At) dt 


= 300C 


. Current due to both is from left to right. So, the 
two currents are additive. 


INTRODUCTORY EXERCISE 


. False. Only under electrostatic conditions (when 
i= 0) all points of a conductor are at same 
potential. 


INTRODUCTORY EXERCISE 


. i-neAv, 

Le. vy ei 

When current has increased from i = 1.2 A to 

i = 6.0 A, i.e five times, then drift velocity will 
also increase to five times. 

. From i = nedv] 

i 


We have yg = — 
neA 


4. 


1 
8.5 x 108 x 16x10? x107* 

= 0.735 x 1075 m/s 

= 0.735 um/s 


or vg 


t= — 
Va 


— 10x10? 
~0:735x10° 
10 x 10° 
0.735 x 105 x 60x 60x 24 x 365^. 
= 431.4 yr 


INTRODUCTORY EXERCISE 


_ 1 _ (1.721078) G5) _ 
E (1/4) (2.05 x 107°} 


0.18 O 


= po =constant 


m = (Vd), where V = volume and d = density 
m — (Ald) 


_ (1.72 x 10° 8) (3.5 (8.9 x 10°) 
0.125 
215x107 kg 
=15¢ 
pa Pl) pL p 
A tL t 
ie. Ris independent of L. 


Hence, the correct option is (c). 


INTRODUCTORY EXERCISE 


. Copper is metal and germanium is semiconductor. 


Resistance of a metal decreases and that of a 
semiconductor increases with decrease in 
temperature. 


.. Correct option is (d). 


. 4.1[1+ 4.0 x 107? (9 — 20)] 
=3.9[1+ 5.0 x 10? (0 — 20)] 


Solving we get, 


0 = 85°C 
INTRODUCTORY EXERCISE 
. PD across each resistance is 10 V. 
. 10 
loa = EI =5A 
; 10 
hg a =2.5A 
. V,20V (as it is earthed) 
Vo-Va4-5N 
Vo=5V 
Vg-V,-2V 
Vy 22V 
Vp —Vo 10V 


Vp 2104 Ve =15 V 


Ve -— V, 
jg x B —3A from C to Bas Vo > V, 


hg 724 = 7.5A from D to A as V, >V; 
V, =V} 
n Vaz =0 
or E-irz0 


IS+E 
e-( : Jo» 


Solving this equation, we get 
E=5V 

. Net emf = (n — 2m) E 

-(10-2x2)(D 


=6V 
Net emf 
i = ——————— 
Net resistance 
= 9 =0.5A 
10+ 2 
VR, =0 
ij, =0 
Vr, 2Vg, =10 V 
10 
ig, =ig, =—=1A 
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INTRODUCTORY EXERCISE 


. Applying loop law equation in upper loop, we 


have 
E+12-ir-1=0 (i) 
Applying loop law equation in lower loop, we 
have where 
i=14+2=3A 
E+6-1=0 ...(ii) 
Solving these two equations, we get 
E=-5 Vandr=2Q 


. Power delivered by a battery = Ei 


=12x3 
=36W 
Power dissipated in resistance 
-ÉR-Q)QY 
=12W 


INTRODUCTORY EXERCISE 


. (a) Equivalent emf (V) of the battery 


PD across the terminals of the battery is equal to 
its emf when current drawn from the battery is 
zero. In the given circuit, 


Current in the internal circuit, 
Net emf _V,+V, 


i= 


Total resistance — 7 +7 


Therefore, potential difference between A and 
B would be 


Ky V, = V, Vi Ed y, n Vin i Von 
M nth 
So, the equivalent emf of the battery is 
y= Fon — Vn 
ntn 


Note that if Vir, V,n:V =0 
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If Vir, > Vyn : V4, — Vg = Positive i.e. A side of 3. V =i,G 

the equivalent battery will become the positive y 

terminal and vice-versa. En i,=— 
(b) Internal resistance (r) of the battery G 


n and n are in parallel. Therefore, the internal 


resistance r will be given by 
l/r Vn * Vr, 


or po 2. 
ntn 
2. —{'—ww—4 mw 
0.50 E r 
4V 


E- X(Elr (61)—-Q/) _ 
X(Vr — Q/D-(/D 
Now, net emf of E and 4 V is 2V as they are 
oppositely connected. 
3. Lus Y (Elr) 
1 E(r) 
.. (10/1) + (4/2) + (6/2) 
(1/1) + (1/2) + (1/2) 


=7.5V 

1.1,1,1 

r12 2 

r=05Q2 
INTRODUCTORY EXERCISE 


1. V =i, G+R) 


R =— -G = series resistance connected with 
i 
g 
galvanometer 
- > -1 = 999 Q 
5x107 
S 
i-i, À 
2. d 
mo, 
ig cum 
i-i, G 
ig 
s-(;*,Jo 
D 
-6 
= GOX10 ) x 000-100 
(5x10 7 —50x10 ?) 


Now, nv =i, (G+ R)=—G+R) 


R=(n-1)G 


INTRODUCTORY EXERCISE 


1. r=a(i 1] 
L 
q 
0.4 


=1.5Q 


E 
2. (a) V4; = ; emf of lower battery 


2 
" E (2%) -Z 
15r + rJ (600 2 


Solving this equation, we get 
| = 320 cm 


(b) Resistance of 560 cm = (=) (560) 


=14r 
Now the circuit is as under, 


E/2 


Applying loop law in upper loop 


we have, 

E-14r (i, —i,)-ir-ir=0 ...(0) 
Applying loop law in lower law loop 
we have, 

-2 int (i, — ip) d4r) 20 .. (it) 


Solving these two equations 


we get, i = — 


INTRODUCTORY EXERCISE í 


1. R>2Q = 100-x»x 
20 R 
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| 10x 53 


X - 10.6 O. 


-. Correct option is (b). 
3. Slide wire bridge is most sensitive when the 
resistance of all the four arms of bridge is same. 


Hence, B is the most accurate answer. 


INTRODUCTORY EXERCISE 


te E (2) OE 
D X P 10 


R lies between 142 Q and 143 Q. 


Therefore, the unknown resistance X lies between 
14.2 Q and 14.3 Q. 


2. Experiment can be done in similar manner but now 
K, should be pressed first then K}. 


3. BC, CD and BA are known resistances. 


The unknown resistance is connected between A 
and D. 


Applying PIE 
Q S INTRODUCTORY EXERCISE 
We have = = m : 0) 1. Yellow 4 
= - (ii) ium : 10° 
2 80-x elk 
Solving Eqs. (i) and (ii), we get R=3 Q CM 
-. Correct option is (a). R=42X10 £540 
2. Using the concept of balanced, Wheatstone bridge, 2. 2— Red 
we have, 4 > Yellow 
um IEEE CE. 10° > Blue 
Qo S (53241) (48+ 2) 5% — Gold 
Exercises 


LEVEL 1 


Assertion and Reason 


1. If PD between two terminals of a resistance is 
zero, then current through resistance is zero, this is 
confirmed. But PD between any two points of a 
circuit is zero, this does not mean current is zero. 

2. In parallel, V — constant 


From the equation 


l R ] : 1 
3. R= Es or — - resistance per unit length — ER 
A l A A 
Near A, area of cross-section is less. Therefore, 
resistance per unit length will be more. Hence 


from the equation, H = i?Rt, heat generation near 
A will be more. 


j 1 : 
Current density, J =< or J« F (as i is same) 


4. Since net resistance decreases, therefore main 
current increases. Hence, net potential difference 
across voltmeter also increases. 
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11. £, 


. Even if ammeter is non-ideal, its resistance should 


be small and net parallel resistance is less than the 
smallest individual resistance. 


z- Rae < resistance of ammeter in the changed 
situation. Hence, net resistance of the circuit will 
decrease. So, main current will increase. But 
maximum percentage of main current will pass 
through ammeter (in parallel combination) as its 
resistance is less. Hence, reading of ammeter will 
increase. 

Initial voltmeter reading = emf of battery 

Final voltmeter reading = emf of battery 


— potential drop across shown resistance. 
Hence, voltmeter reading will decrease. 


. If current flows from a to b, then equation will 


become 

V,-ir-E=V, or V, -V,-E-ir 
So, V, — V, is always positive. Hence, V, is always 
greater than V,. 


. Current in the circuit will be maximum when 


R=0. 


. Resistance will increase with temperature on 


heating. Hence current will decrease. 
rà 


Further P= E or P œ L 

R R 
Resistance is increasing. Hence, power consumed 
across R should decrease. 
V = IR is just an equation between P D across a 
resistance current passing through it and its 
resistance. This is not Ohm's law. 


. Electrons get accelerated by the electric. Then, 


suddenly collision takes place. Then, again 
accelerated and so on. 


En + Ey» 
75 Qn) Q/n) 
_ | Min) E/E) Wn) 
! (1/5) + (1/5) 
So, £,, may be greater than £, also, if £//E, >1 


7, and z are in parallel. Hence, 7,, is less than both 
7, and z individually. 


Objective Questions 
3. H= Rt 


6. 


10. 


11. 


12. 


...(ii) 


(as R e I) 


R= BE 
oA 
l ee 
o= = M z = ohm tma! 
RA  ohm-m 
0.5 = E 
FASS 
_ E 
r+ 4.75 
Solving these two equations, we get 
E=2V 
In parallel current distributes in increase ratio of 
resistance 
lez” 
I; G 
I 
G=| =£ (S) 
Ig 
50 — 20 
= 12 
Aa) 
=18 Q 
lS 
I; G 
I 
S= (£) G 
s 
2 
res 
98 49 
2 
P= E or P« zt 
R 
B Bil 
P R h 


P,= h A= : Jn iun 
L 0.91 


So, power will increase by 11%. 
By symmetry, V, = Vg 


or Vjg =9 
raat -1}=0(2 ] 
h 60 

=2.5Q0 
Let V =V 
Now, Lio + Igo = Loc 

6-y..3-V Yv-2 
6 3 2 
Solving this equation, we get 
y 23V 


13. 


14. 


15. 


16. 


17. 


18. 
19. 


20. 


21. 


22. 


i i i 
yy = — = —m——- Ə y,;ec — 
1 1 
^ meA ne (ni?) ^ p 
For making voltmeter of higher range, more 


resistance is required. 


Vava =Vrotai 
(20) (0.3) = (Rrota ) (0.8) 
30 
Rrotal = 4 Q 


4 1 1 1 


iS Re. = 
30 R 20 15 

Solving we get R, = 600. 

Net resistance will decrease by increasing the 


parallel resistors. Therefore, main current ; will 
increase, further, 


(PD)votmeter z Vroui m (PD) ammeter 


= Viota Zİ (resistance of ammeter) 
Since, į has increased. Hence, PD across voltmeter 


will decrease. 
2 


1 
P=— or P«— 2d 
7 » (i) 


Resistor is cut in n equal parts. Therefore, each 


! : R 
resistance will become —. Now, these are 
n 


connected in parallel. Therefore, net resistance will 


i R 
become — times —. or T 
n n n 


Now, from Eq. (i), power will become n’ times. 
If A is fused, then complete circuit is broken. 
E-irz0 


REIR 
14+2+R 


Solving this equation, we get 


R=30 
100 = (5) (2500 R) 
2500+ R 
Solving this equation, we get 
R=20Q 
Five parallel combination, each of value 
R R R 
a a ec 
10 10 5 
fo or Q-4P es (1) 
Q 100-20 
P«Q 
P415 4 
Now, - p 


Q 100—40 
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23. 


24. 


25. 


26. 


PIS 2 - 
or =— ... (il) 
Q 3 
Solving these two equations, we get 
P=9Q 


Total potential of 10V equally distributes between 
50 Q and other parallel combination of 100 Q and 
voltmeter. Hence, their net resistance should be 
same. Or 


100 
xR = 50) 
100+ R 
R=100 Q =resistance of voltmeter 
Vac =Vor 
2V 19 
< L W- 
i 
A d ç > B 
Que 
D E 
42v 49 
i (Ryc) = E =1.2 


4+1) (100 


Solving this equation, we get 
7=75 cm 


1A 2A 
22 20 4A 6A 
A A 3y 12 oy 12 B 


3 


V; -3x2-3-1x4+2-1x6=V; 
Vi -Vg -17V 


2V 0.52 


WW 
R 
Equivalent simple circuit is given as 
maximum power across R is obtained 
When R=r=05Q0 
2 


i= =2A 
R+r 


= iR = (2) (0.5)=2W 
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27. r=r(Ž-1)=s (2 -2o 
V L8 9 


28.18.95 7 
2.54 2.5-40 9 
Vy -15i-25i-V, 


(clockwise) 


V-V edi - v 


29. Potential drop across potentiometer wire 
= (0.2 x 10?) (100) = 0.02 V 
Now given resistance and potentiometer wire are 
in series with given battery. So, potential will drop 


in direct ratio of resistance. 
0.02  R 


2—0.02 490 
R=49Q 


30. When K is open 
Rog = 3R/2 
E 


2 
i, = E/(3R/2) = — 
1 ( ) 3R 
When K is closed 
[Rx2R| 4 
Fret = 71 rm 2R | 


3 
i = E/(4R/3)= A 


31. €. 8$ — 


s -(& G 
Is 
_ (1/34) 


- x 3663=111Q 
(33/34) 


32. Simple series and parallel grouping of resistors. 


33. Two balanced Wheatstone bridges in parallel. 
_@Gx15)_ 


34. n, 250 
34 15 
As R -( Is ) (o")=30 
” (360° 


35. Ry, = 2 [Net resistance of infinite series] + 1 


In parallel net resistance is always less than the 
smallest one. Hence, net resistance of infinite 
series is less than 1Q. 


IQ < Rp <3Q 


36. R, =R, =R + -OR 
(R+ R) +R 
R 
Solving this equation, we get R = —2 
43 


37. Simple circuit is as shown in figure, 
d 
Q 
Each > R 


38. Wheatstone (balanced) between A and B. So, 
resistance between C and D can removed. 
A 


4 4 
r=(} Qr)=— 


Now 2Q, 2Q and R are in parallel. 


R 
40. =RI2 RI2 
C D 
= RI2 R2 ^ =RI2 RI2 
A B Aò óB 
R 


R 
R R 
A? 
41 R R R 
R 
R 
R R 
R R B 


Connection can be removed from centre. 3R and 
3R from two sides of AB are in parallel. 


Subjective Questions 


1. 


Under electrostatic conditions (when no current 


flows), E = 0. When current is non-zero, then 
electric field is also non-zero. 


. There is random or thermal motion of free 


electrons in the absence of potential difference. 


. y 

i= =al] 

_ (16x10?) (22 x 10°) 
Qx) (5 x10!) 

2112x107? A2 1.12 mA 


2 
pa 
R 
2 
pe 
P 
2 
meu -3609 
40 
2 
„=T Loto 
60 
2 
pet 196 
75 


Now, all these resistors are in parallel. 
12-6 


. (a) i = —— =0.5A 
(@) 4+8 


(b) Py PR =1W 
=> Pp, =7R,=2W 
(c) Power supplied by E, = E, i= 6 W 


and power consumed by E, = E,i = 3W 
8 I 


12 40-1 


Solving this equation, we get 
l=16 cm 
. (a) Ideal voltmeter means infinite resistance. 
ah i=0 
(b) V =E Gfi- 
ssy 


(c) Reading of voltmeter = E = 5 V 


- (a) E, >£, 


Therefore, net current is anti-clockwise or 
from B to A. 


(b) Current through £, is normal. Hence, it is 
doing the positive work. 


(c) Current flows from B to A 
: Vs -V, 
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g. ; = 150-50 
243 
Vo *150- 20x 2z V, 
s. Vo =Vp -110 =- 10V 
10. p = 8.89 x 10° kg/m? 
Mass of 1m? = 8.89 x 10? kg 
= 8.89 x 10? kg = 8.89 x 10°g 


-20A (anti-clockwise) 


6 
-. Number of gram moles = 389x10 =1.4x10° 
63.54 
Number of atoms = 1.4 x 10? x 6.02 x 107 
= 8.42 x 10°8 


One atom emits one conduction electron. 
Therefore, number of free electrons in unit volume 
(or 1m? volume) 


n= 8.42 x 10” per m? 


Now, i= neA v, 
= 1 = 1 
Ya B neA i ne nr 
E 2.0 
(8.42 x 1025) (1.6 x 107 )(n) (0.5 x 10° 3° 
-1.9 x 107 * m/s 
11. (a)In 1 m, potentials difference, 
V 2049 V=iR 
z 049 _ (0.49) A 
R pl 


_ (0.49) (1/4) (0.84 x 10 ^y? 
(2.75 x 10° 8) (1) 
=9.9 A 
(b) PD between two points, 12 m apart 


= (0.49 V/m) (12m) = 5.88 V 


(Rei eo ogo 
9,9 


12. Radius at distance x from end P, 


reas (P74) 5 
0) 1 


Q 


Resistance of element of thickness dx is 
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"E 


nr 


X=! 
R= dR 
X=0 


: pl 
Using R = — 
(Using 4 


= P = power across R= PR 


2 
E 
»- (ij udi 


For power to be maximum, 
dP 
a=) 
dR 


dP 
By putting — = 0 we get, R =r 
yp g dR g 


Further, by putting R = r in Eq. (1) 


2 
We get, Pix = ae 
4r 
14. As derived in the above question, 
E 
D m T 
Here, E= netemf=2+2=4V 
and r= net internal resistance 
=]1+1=2Q 
z M. 
"o (Q0 


15. In series, 

— Ror Qı + Ror 00; 
= Ro, + Roz 

_ (600) (0.001) + (300) (0.004) 

600 + 300 

= 0.002 per°C 

Now, R, = Ry [1+ & A0] 
= (600 + 300) [1 + 0.002 x 30] = 954Q 


16. In parallel current distributes in inverse ratio of 
resistance 1 — Aluminium 2 — Copper 


a 


T da 
R, i 
Pih/4 _ 
pab/ A5 
Pils _ 


d, = 


T 
2 
3 
2 
P2hd 1 3 


2p4l 
P» J d, 
3p if; 


2x 0.017 x 6 
= (1 mm) 
3 x 0.028 x 7.5 


= 0.569 mm 
17. (a) pL NULL =1.25 V/m 
l 0.75 
(b) E=Jp 
E 1.25 


PT 4Ax 10 
22.84 x 105 O-m 


18. 4) ue T 
ed 
A 
J= E ...(1) 
pl 
or fat 
l 
lain = d. So, J is maximum. Hence, potential 
difference should be applied across the face 
(2d x 3d) 
From Eq. (1), 
J ax E 
pd 
V VA 
(b) i=—= V Q4 
R (pl/A) pl 
. A 
or [oe SS 
l 


Across face (2d x 3d), area of cross-section is 
maximum and / is minimum. Hence, current is 


maximum. 
be V (2d x3d)_ 6Vd 
p (d) p 
-32 
19. ()p- — _ (0.104) m x10 ^) 


23.65 x 107? O-m 
(b) V = El 2128 x14 217.92 V 
po 21792 3A 
R 0.104 
E 
neA 


(c) Va 
172.3 


(8.5 x 1078) (1.6 x 107 I?) (=) (2.5 x 107°} 


-2 2.58 x 107? m/s 


20. R, + Ry = 20 (i) 
Ra,+R i : 

Qa. = id ey (in series) 

R, + Ry 


_ R 0.5 x 10-4) + R, (5.0 x 107?) 


0 
20 


i R, = 10R, .. (ii) 
Solving Eqs. (1) and (ii), we get 


21. 8Q and 12Q resistors are in parallel. 
_ 8x12 
RED 

. 24 

glue 

4.8 
=5A 

22. All four resistors are in parallel 

1 1 1 Ll 1 
R 8 4 6 12 


R=20 
5 


. 24 
i = — 

8/5 
=15A 


23. All these resistors are in parallel. 


=48Q 


net 


24. The given network is as shown below. 


Vie 


6 V3 3 
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Now, this is a balanced Wheatstone bridge in 
parallel with 12 Q resistance. 


25. First case 


m 12+ 6 -3A 
1+2+3 


V,-Vg =12V 
V,-12V, asy; =0 
V-V =1x3=3V 
Vg -V,—-329V 
Vg -Vo 22x326V 
Vo =V_, -6=3V 
Vg —-Vp =6V 
; Vp =-6V, asVg =0 
In the second case, 
12-6 


i=———_ = 1A 
1-243 


(clockwise) 


Now, 


Rest procedure is same. 
200 


26. iji ——— = 
54+ 10+ 25 


(anti-clockwise) 


V3 -Vg =25x5=125 
V,=125 VasV, =0 
Vg —V,=10x 5=50 
V,--50V 
V,-V,=5x5=25V 
V,=V,—-25=—-75V 
V3_9=V3—Vy 


27. (a) 502 2.00 


W- W- 
2000. 


50 x 200 
50 + 200 


Ra = 1.0 + 2.0 + 


=43.Q0 
i= ta 0.1 A 
43 
= Readings of ammeter 
Readings of voltmeter 
= (i) net resistance of 50 Q and 200 Q 


0 
= (0.1) 50 x 20 
50 + 200 


=4 V 
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52 x 200 
= 1.0 + ————-4227 Q 
Raet 52 + 200 
is 43 1 0.1A 
42.277 
Now A s amp 
b. 3d 
i; = (=) (0.1)= 0.08 A 
252 


= Reading of ammeter 
Reading to voltmeter 


= Potential difference across 50 Q and 2.0 Q 


= 0.08 x 52 = 4.2 V 


| 50 A 4Q ip 
>| K-WW 7 e 
42V H7» ——10V 
4B h (1) 60 (2) | 
i—i; B 
-MW -MW — 
E 10 C| 80 
i — (3) Y 
160 D 
4V 
Loop 1 
42 — 6 (i, — i) — 5i, — i, =0 
Loop 2 
4i -10- 8 (i, —i5) + 6 (4, —) = 0 
Loop 3 
8 (i, —i;)=-167,+ 4=0 ...(iii) 


Solving these equations, we get 
i =4 A, i =1.0 Aandi, = 0.5 A 


29. Net resistance of voltmeter (R = 400 Q) and 400 Q 
will be 200 Q. Now, we are getting a balanced 
Wheatstone bridge with 100 Q and 200 Q resistors 
on each side. Potential difference across each side 
will be 10 V which will distribute in direct ratio of 


resistors 100 Q and 200 Q. 
Vioo _100_1 
Vavo 200 2 


2 20 
pr Vwa = (3) (10) = ES V 


30. 


31. 


32. 


(a) (1) When switch S is open, V, and V, are in 
series, connected to 200 V battery. Potential will 
drop in direct ratio of their resistors. 
Vi : V2 = Ry, : Ry, = 3000 : 2000 
=3:2 


V, - 3x 200=120V 


V, -3x200- 80V 


(ii) When S is closed then V, and R} are in 
parallel. Similarly, V; and R, are also in 
parallel. Now, they are in series and they come 
out to be equal. So, 200 V will equally 


distribute between them. 
200 
V,=V,= £3 = 100 V each 
100 1 
b) i, =—— = — 
©) 573000 20 
100 1 
ly = 
3000 30 


2000 Q 


3000 Q 


20000 P 


3000 Q 
k—100V—>|x— 100 V—>| 


If we apply junction law at P, then current through 
switch 


1 : ET 
=i-ig= 85 A in upward direction. 
Power absorbed by resistor is i7R or 2W. 
Therefore, remaining 3W is absorbed by the 


battery (= Ei). Hence, E is 3 V and current of 1 A 
enters from the position terminal as shown below. 


A 20 3V B 
1A 


Vip =E+ ir 
=E+iR (Here, r = R) 
=3+ (1) (2)=5V 
8.4=E-1.5r .. (i) 
94 =E+3.5r ...(ii) 
Solving these two equations, we get 
r-02Q and E=8.7V 


33. During charging, 


V =E+ ir =2+ (5) (0.1) 22.5V 
34. Simple circuit is as shown below 
> 
A —— 
7 2V 
ae 
2V 2V 


By symmetry, currents on two sides will be same 
(let 7) 

Now if we apply loop law in any of the closed 
loop, we will get i = 0. 


35. Net resistance should remain unchanged. 


R+G=R + 
G+S 
2 
rag aE 
G+S Gas 


36. Current through voltmeter 
r 


4.96A 
5A 
© 
5000 


» 
0.04A 5 


V. 100 | 
R 2500. 
In parallel current distribution in inverse ratio of 
resistors. Hence, 


0.04 A 


4.96 2500 
0.04 r 
r-20.16 Q 


37. Voltmeter reads 30 V, half of 60 V. Hence, 
resistance of 400 Q and voltmeter is also equal to 
300 Q. 


60V 
* I 


300 Q 4002 
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where, R = resistance of voltmeter. 
Solving the above equation, we get 
R=12002 


In the new situation, 


Raet = 400 


, 300) (1200) _ 
300 + 1200 


640 Q 


i= a = 0.09375 A 
640 


Now voltage drop across 
Voltmeter = 60 — potential drop across 400 Q 


resistor 

= 60 — (400) i 

= 60 — (400) (0.09375) 

=22.5 V 

38. Ra = 60+ (60) 420) .. 00:5 
60 + 120 
i- 19 =1]1.2A 
100 


Now, reading of voltmeter 
= 120 — potential drop across R, 
= 120 - (60) (1.2)= 48 V 
39. In parallel current distributes in inverse ratio of 


resistance. 
S 


- (2) (0.005) — 20= 80 Q 


Note |n calculations, we have taken i — lg =i. 
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Reading of voltmeter = 3.4 — Voltage drop across 
ammeter and 3Q resistance 


= (3.4) - 0.04 x 2 — 0.04 x 3 
=32 V 
_ (0.04) (100 R) 
~ (1004 R) 
where, R = resistance of voltmeter 
R=400Q 


If voltmeter is ideal, then 
3.4 


i=z=— 
2+100+3 
Reading of voltmeter = 1007 = 3.238 V 

41. (a) V=E-ir 


=E- E r 
r+ Ry 


(e i) 


r+ Ry 


Now, 3.2 V 


= 0.03238 A 


E 
b) V -— 
©) 100 


Substituting in Eq. (i), we get 
R,-45x10? Q 


(c) V =E L 
1+% 
R 


V 


If R, is increased from this value, V will 


increase. 
£ 
42. (a len m 
@) ^ R+R tr 
e=(R+ Ry +r) 1, 
£ 
Now, i= wa 
TF (i) 
Substituting the value of €, we get 
R 
ru 4 | 
ar 
If R,0,D, I, 


(b) In Eq. (1) substituting 
I, — 0.99 I’, and the given values, we get 


R, = 0.0045 Q 
o 1,=-—4—-—4 
14 —4 14 
Rytr TEA 
Ry 


If R, is decreased from this value, then 7 , will 
increase from 99% of J’ ,. 


43. P- Ü)R 


44. 


RI2 R 


2 
= (15) (1.5) 24)2 54 W 


: 3R 
Total maximum power = (i. y (=) 


V =E-ir 
E-V 26-2 
t= = 
i 1 
=0.6Q 
Now, power generated in the battery 
P=?ir 


= (1? (0.6) = 0.6 W 
Power supplied by the battery = Ei 
=2.6W 
-. Net power supplied for external circuit 
-22.6—0.622.0W 


46. 


AT. 


Loop equation in loop (1) 
+7-2i,-3 (4, -i,)=0 
Loop equation in loop (2) 
-—1+3(@,-i)-2i, =0 
Solving Eqs. (1) and (ii), we get 
i =2A and i-1A 
Power supplied by E, = Ejij 2 14 W 
But power consumed by £E, = Eji; = IW 


(a) j=——=2A 


> P =Ei=24 W 
(b P =ir=(2F )=4W 
(c) P=P -P =20W 
(b) i= in each resistance 


y? 
(e) P= E in each resistance 


(i) 


.. (ii) 


48. 


49. 


y? 
pac 
(f) R 
1 : 
or Pæ s (as V is same) 
2 
(à P=— 


R 
V =VPR 2 45x15 x10? 2 273.8 V 


2 2 
(pst (20) =16W 
R 9x10 

40 


o Lge ae 


Ao 40. oB 


(b) A balanced Wheatstone bridge in parallel 
with R. 


(c) 
o o 
A B 
(d) 100 100 
A MW- B 
100 
20 C 80 
WW AW > 
h ti-i i 
10-i, 
WW —WWh— . 
4Q 100 10-i, 


Let us take a current of 10 A between A and B 
Loop equation in loop (1) 
-2i -2(i -i5)-4(100-i)20 s) 
Loop equation in loop (2) 
— 81, + 10 (10 —-i,)+ 2 (i, —i,)=0 
Solving these two equations, we get 
ij26.53A and i,=6.11A 


«ss Hi) 
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50. 


51. 


52. 


53. 


Now let us find V5 across path ACB, 
Vig —2i, + 8i, = 61.94 V 
Now, Vag = let Raet = (10) Rnet 


61.94 = 10 Ryo 
or Ret = 6.194 Q 
(£) Two resistors in vertical middle wire can be 


removed. 


(g) Now balanced Wheatstone bridge, in parallel 
with 1Q resistance between points 4 and B. 
The encircled resistance of 2Q can be removed 
from the Wheatstone bridge. 


One resistor of 2Q has already removed from the 
original circuit given the question. As its two ends 
will be the same potential (by symmetry). 


R; * 5R 
If connected by two equal resistors between B and D 
and between C and E, the combination is a balanced 
Wheatstone bridge and two resistors in series. 

R; =R+R+ R=3R=0.6R; 


MWMW- 
=r 150 150 
A 20 MW —NW-——.—NW-——o 
69 400 80 B 
Lwm 
209 300 


(b) Three resistors are in parallel. Then, one resistor 
in series with this combination. 


(c) Balanced Wheatstone bridge. Hence, two 
resistors in vertical wire can be removed. 


(d) All four resistors are in parallel 
(e) A balanced Wheatstone bridge. 


(a) A balanced Wheatstone bridge with one 
resistance in parallel. 


(b) 
A B 
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LEVEL 2 
Single Correct Option 


1. Nocurrent will flow through voltmeter. As it is 
ideal (infinite resistance). Current through two 


batteries 
. 15-13 0.2 
Tum E 
ntn ntn» 
Now, V -E,-in 


1.45=1.5 d M | (5) 
ntn 


Solving this equation, we get 


n 235 
2. In series, PD distributes in direct ratio of 


resistance. 
In first case, 


198 900 
Vag —198 Ry 
In second case, ae 
Vig -180 2R, 
Solving these two equations, we get 
Vig =220V 
3. Maximum current will pass through A. 
P=iR 
or Pe« i? 
4. 4 (R+R,)=20V 
R=5-R, 


where, R, =resistance of ammeter 


5. r=R hd 1324 (7 1}~22.10 
60 


b 


Ls F E+E 
6. Initial current, i, = — = 
R+nñn+n 


Final current, when second battery is short 
circuited is 


; E, 
i =——— 
R*n 
e. E E+E 
b >i if —— > — = 
R+) R+ñ+n 
or ER + E + En > ER 
+ En + ER + 
or En > E, (R +n) 


T. BandC are in parallel 
; Vg = Ve 


(i) 


.. (ii) 


(R is same) 


En 


11. 


Further R,-R 
1.5R) (3R 
Rye = CGR g 
1.5R+3R 
or R4 = Rgc 
V, — Vac 
Because iR, = iRgc 
A 
7 
AM PB wr © > 
5A 50 3A 
2A R 


100V 


Applying loop equation in closed loop we have, 
-100—30—35-2Rz0 


2R =35V =Vp 
Vso =7X5=35V 
Vso 1 

Vr 


=r(2 
x 


. LetR=at+b 
At t=10s,R=20Q 
és 20=10a+b .. (i) 
At t=30a+ b .. (ii) 
Solving these two equations, we get 
a=1.0Q/s 
and b=102 
R=(t+ 10) 
_E_ 10 
(Ro t+10 
30 
^a - Jie 
- fal = | dt 
101 f£ 4- 10 
=10 log, (2) 
Suppose n (< 1) fraction of length is stretched to m 
times. 
Then, (l—n)/+ (nl) m z 1.5I 
or nm — n — 0.5 (i) 


12. 


13. 


14. 


= p! = Bi (V =volume) 
A VID 
PÈ 
(y 
or R œl (if V = constant) 


Now, the second condition is 
(1— n) R+ (nR) m? 2 AR 
2 


i nm —n=3 ...(iii) 
Solving these two equations, we get 
je 
8 
Initially, LR ON. 
100-7, R 3 
l= 2 x100 
as 
= 40 cm 
Finally,  — 
100-1, R 8 2 
L= 2 x 100 
^ 5 
= 60cm 
J is displaced by 
Ll —l; 20cm 


In parallel, current distributes in inverse ratio of 
resistance. 


99 9090 


0.01A oI 


A 0.10 B 
0.01 0.1 
1-001 9409 

I=1A 

Equivalent emf of two batteries €, and £, is 
z= £j/n + €)/r, _ (2/2) + (4/6) 

1/7 + 1/7 (1/2) + (1/6) 
=2.5V 


Solving we get, 


Now, Van =€E 


Can) Ray) =€ 


12 
or 4) (I) « 2.5 
E +4x z] OO 
Solving this equation, we get 
25 
l=— m 
24 
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15. When K, and K, both are closed R, is 


16. 


Tf. 


short-circuited, 

Root = (50 + 7) Q 
When K, is open and K, is closed, current remains 
half. 


Therefore, net resistance of the circuit becomes 
two times. 


or (50+ r)+ R =2 (50+ r) 
Of the given options, the above equation is 
satisfied if 


r-0 and R =50Q 
100 Q, 25 Q and 20 Q are in parallel. 
Their, net resistance is 10 Q 
Ret = 4Q + 10Q + 6Q = 200 
V =i Re =80V 
All these resistors are in parallel. 


Ra = tr=40 


Hence, the main current 


E 
i=—=l1A 
Reet 
Current through either of the resistance 
: i 1 
is — or = 
3 3 


19. 


20. 


In parallel, current distributers in inverse ratio of 
resistance. 
003-1; G  r 


Ig S (7/4) 
Solving this equation, we get 
Ig = 0.006 A 
80 40 
60 30 
Vi=Ve 
or Vaz =0 
V =iR 
V œ R (as i = constant) 


V, _( pla) (m 
Vg n Plg 
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or pom uM 
my Ve d 
- a9 ede. od 
~¥2"6 2 
20 


; 2. s 
21. Current decreases — times or — times. Therefore, 
30 3 
: 3. 
net resistance should become 3 times. 


R+ so=Ż (2950 + 50) 


Solving we get, R = 44500. 


22. Eo = V4c = G)c Bac 
(E e 
10) \ 1 
E ] 
=— scs 
5 (i) 
In second case, 
E 10 
E,= — x 0.3 wi 
d s - | 1 ux 
Solving Eqs. (1) and (ii), we get 
x=5Q 


23. V and V, are oppositely connected. 


24. Balanced Wheatstone bridge. Hence, 1.5 Q 
resistance can be removed from the circuit. 


500 100 
i 50-10 25 
i 20-4 1 

2.5 
i =| <> |0.4=1A 
: E ) 


25. Resistance between A and B can be removed due 
to balanced Wheatstone bridge concept. Now, Rpg 
and Ag are in series and they are connected in 
parallel with 10 V battery. 

_ 10 _ 10 

Rpg + Rug 2+2 
=2.5A 

26. Net resistance of 3kQ and voltmeter is also 2kQ. 
Now, the applied 10 V is equally distributed 


DE 


between 2kQ and 2kQ. Hence, reading of 
voltmeter 


2 
27. R,=R,as P= = and in parallel V is same. 


Hence, Pr, = Pr, 

If R, =R; 

Now current through A, is double so R, should be 
1 

q" of R, or R, for same power. As P = PR. 


More Than One Correct Options 


y? Vt 
1. H2—1£$, > R= 
R; H 
- V? 
Similarly, R= E 
2 
In series, H = 4 t 
Ri + Ry 
H (R; + Ry) 
—— 7 
V 
Substituting the values of R, and R,, we get 
t-ttb 
y? D». d 
In parallel, H = t= r( t | 
Ry Rh R, 
H H 
=y° rs de | 
t Vt 
: th 
Solving we get, t= ——— 
tth 
6V 
2Q 
2. ' 
— mw 
5V 30 
pa cma 
2+3 
V, -E,-in-6-02x2 
=5.6V 


3. (a) In series, current is same. 
S I,=I, 
(b) Va Vg =V 
I4R, + I5Rg = Icke 
(d) In parallel, current distributes in inverse ratio 
of resistance. 


HR EL. e 


de dg Rye Ry 
4. Same as above. 
5. (a) V =iR 
In series i is same. Hence, V is also same as R 
is given same. 


_ pl 
(b) R=" 


Ris same. Hence, A should be smaller in first 


; 1 
wire. Secondly, v; = EE Or vy e — 
n A 
A of first wire is less. Hence, its drift velocity 
should be more. 
V 1 


OEST or Eœ- 


] (V — same) 


T. If switch S is open, 
hAl = E; 
where, i, = current in upper circuit and A is 
resistance per unit length of potentiometer wire. 


Null point length, / — = 


l 


(a) If jockey is shifted towards right, resistance in 
upper circuit will increase. So, current i, will 
decrease. Hence, / will increase. 


(b) If £j is increased, i, will also increase. So, / 
will decrease. 

(e) L E, 

(d) If switch is closed, then null point will be 
obtained corresponding to 

Vy = Ey -in 
which is less than Ej. Hence, null point length 
will decrease. 
8. By closing S}, net external resistance will 
decrease. So, main current will increase. 


By closing S, net emf will remain unchanged but 
net internal resistance will decrease. Hence, main 
current will increase. 


20 10V 
9. ao < 


V, +10-2i - V, 
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V, -V,=2i-10=2V 
i-6A 

Vo<V,=2%6=12V 

10. Between a and c, balanced Wheatstone bridge is 


formed. Across all other points simple series and 
parallel grouping of resistors. 


Now, 


Comprehension Based Questions 
"dd 
b 


Solving this equation, we get 


1 and 2. 


R=490Q 
Further FESR (= — 1) 
V 
or 10 = 490 (2-1 
V 


Solving, we get V =1.96V 


Match the Columns 


1. Let potential of point eis V volts. Then, 
I * The E I. * Ij =0 


EEE 


Now current through any wire can be obtained by 
the equation, 


_ PD 
R 
2. i, =i, ori is same at both sections. 


A, < A, 


I 


i 1 
a) Current density = — e — 
(a) ty FE 
Resistance p = 1 
length A A 
(d) and (b) E or potential difference per unit 
length = (i) (Resistance per unit length) 


coe) 


3. By introducing parallel resistance R; in the circuit, 


(c) 


total resistance of the circuit will decrease. Hence, 
main current į will increase. 

Now, Va =E-Vp, =E-iR, 

Since, i is increasing, so Vg, will increase. Hence, 
Vp, or current passing through A, will decrease. 
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4. (a) pa 

it 
[R]=[MĽT?]/[A?T] =[MĽT °A" ?] 

(b) V — iR 
[V] 2 [A]IMD?T-?A7? ]- [META] 

RA 

(c) p Py 


 [MP?T ^A"? ][D] 
[L] 


(d) ie1-|2 | =a] 


- [p] -[MUT A77] 


— 41 -— 
EFIE 
(a) V,=E-ir=4-1x1=3V 
(b) Vp =E+ ir=1+1x1=2V 
(c) |P= Ei- ir 2 (4x) - Q (02 3W 
(d) |P;| 2 Ei  2r- (1) (D + 0° () 22W 


(anti-clockwise) 


Subjective Questions 


1. (a) Points D and E are symmetrically located with 
respect to points A and C. The circuit can be 
redrawn as shown in figure. 


B 


D,E 


A R C 


This is a combination of a balanced Wheatstone 
bridge in parallel with a resistance R. So, the 
resistance between B and D (or E) can be 


removed. 
1 1 1 1 
mu i 
Ric R A pa 2R 
2 2 
2R 
or Ric = = Ans. 


(b) With respect to D and E, points A, B and C all are 
symmetrically located. Hence, the simplified 
circuit can be drawn as shown in figure. 


Ans. 


2. (a) Dueto symmetry about the shaded plane, current 
distribution on either side of the plane will be 
identical and points E and F will be at same 
potential and no current will flow through it. 


3 3 8 
R, - DIM —=F . 
4D 75 5 r Ans 


(b) Redrawing the given arrangement for 
resistance across AB. Potentials Vp = Vg 
E 


Vc=Vr 
No current flows through DE and CF. 
3 
-rxr 


3 
—rtr 
2 


=—r Ans. 


Rag = 


3. (a) Current flowing through resistance 5Q is 11 A 
Power dissipated = ÜR 
= (121)5 = 605 W 
(b) V5 + 8V + 3V + 12V -12V — 5V = Vo 
Vg + 11V —5V = Vc 
6V Yo -Vz 
(c) Both batteries are being charged. Ans. 


$ V=6V 
Vi-VeH4V > Vo=V;-4=2V 
(b) V, -Vp =V; -Vc=4V 
From unitary method, we can find that, 
AD= e (4) = 66.67 cm 
(c) Since, they are at same potential, no current 
will flow through it. 
(d) V, — Vg isstill 6 V V,=6V 
Further, Va -Vc=7.5 V 
B. Vo =-1.5V 
Since, EMF of the battery in lower circuit is 


more than the EMF of the battery in upper 
circuit. No such point will exist. 


5. (a) There are no positive and negative terminals 
on the galvanometer because only zero 
deflection is needed. 


(c) AJ=60cm = BJ = 40 cm 
If no deflection is taking place. Then, the 
Wheatstone bridge is said to be balanced. 


Hence, 
X _ Ry X 40 2 
12 Ry 12 60 3 
or X =8Q Ans. 
6. For ammeter 991, = (I - Ig) 1 
or I —1007, sal) 
99 Q 
I, 
: d (G) - 
wW- 
1Q 


1, is the full scale deflection current of the 
galvanometer and / the range of ammeter. 
For the circuit in Fig.1, given in the question 


12V 
99x1 3A => r=1.01Q Ans. 
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For voltmeter, range 
y ei, (99 + 101) 
V — 2001, ...(ii) 
Also resistance of the voltmeter 
=99 + 101-2200 Q 


Iy 999 


1012 
mo 


W- x 


V 


In Fig. 2, resistance across the terminals of the 
battery 


pep TUE 25596 
200 + 2 
Current drawn from the battery, 
12 


I,=——=401A 
2.99 


Voltmeter reading 


zy -n Ijr-12—4.01x1.01 


V =7.96 x I 29.95 V Ans. 


Using Eq. (ii), 7, = s =0.05A 


Using Eq.(i), range of the ammeter 
T=1007,=5A Ans. 


7. Applying Kirchhoff’s laws in two loops we have, 


R 10V 
-AMW < | H 
Y ("n Aly 
ev 30 
«+ — 
t 
ütüoyY (2 A 
> AW- > 
60 
10- 4R-643i,-0 NO) 
6 — 6(i, + i,) — 3i, 20 ...(ii) 
Solving these two equations, we get 
. 6 
i, = 
R+2 
Power developed in R, 
36 - 
P= iR - 5 xai) 
(R+2) 
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For power to be maximum, PD across switch = 10 + (1) 210 + 2-12 V Ans. 


dP =0 20V 402 
dR |! (As) WW- 
no (R+ 2°66) — B6R)(2)(R + 2)=0 (4j 20 6v (As) 
or R+2-2R=0 (b) ae C Ji 
t 
R-20 Ans. (A) T 15V ? — 20 O 
For maximum power from Eq. (iii), we have -MW—A3 l ! 
Ba, = 4.5 W Ans. m C, 10V 
i4 
8. Applying loop law in loops 1, 2 and 3, we have 
2A R When switch is closed 
E Nw- -2i-i)-1520 0) 
(e 2i — 9i — 2i,; -11+ i420 (ii) 
di n aK E i, +i; +3=0 ...(iii) 
MI 5A 10-(i,-i,)=0 (iv) 
42 32 Solving these four equation, we get 
1 2 60 g 
3A 8A ij =12.5A,i,=5.0A, i; =-8.0A 
i,-15A 
E -12-24=0 
E,=36V Ammeter A, A, Ag A, 
-E, +244 30-20 or E, =54V Reading (amp) 125. 52:5 10 7 
-2R- E + E,=0 And the current through switch is 15 A. Ans. 


di puse 


= 2V 
2 T 
-90 i6 AB= 10m 
9. Using the loop current method, ' C Ag = 30 
20V à A 
40 
| —(49—^Ww- f 10 


(Aj) 20 6 V. (As) 1.5V 


h C G m i3 Potential gradient across wire, 
1v °? 2Q 2 
(A) (As) AB =—=0.2 V/m 
W- li 10 
I 10V Now, V,c-15V or (02(4C)-1.5 
e. AC =7.5m Ans. 
(a) -Xi -4) + 1520 i) (a) a Rap ja 30 Jx2=-2v 
4i, + 20-2(i -i)-15- i Rag +5 30+ 5 7 
-10-2(5 + 4)-6-0 au 
or 2i, — 9i - 2i - 1120 ii) |! 
-Xi + 3) - 6 =0 
; , 233 5Q 
or itit3-0 ...(iii) 
Solving these equations, we get A Cı B 
i 295A,5 22A and i,=-5A 
10 
Ammeter A, A, A3 A, - 
Reading (amp) 95 95 2 5 1.5V 


Potential gradient across 


Now, Vic =15V 
(2) (AC,)=1.5 


AC, = 8.75 m Ans. 
2V 
li 
| 
A Ce B 
15V 10 
i 
5Q 
(b Vac, =V 


or (02)4C,)- ES jo» 


or AC, = 6.25 m Ans. 
11. V = constant 
200 
=W- 
V 
vex 300 Rx 
200 
EL 30R, 
= 30+R, |Vi 


30R, 
Tena 
4 20 
30+ R, 


50R, + aes)” 
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-. Power generated in R, is 
Và 900R V? 
R, (50R, + 600) 


For P to be constant, 
dP _ 
2 
(50R, + 600) (900 V°) 
T" — 1800 x 50 x R, V^(50R, + 600) _ ô 
(50R, + 600)" 


or 50R, + 600—100R, =0 
R, =12Q Ans. 


12. The two batteries are in parallel. Thermal power 
generated in R will be maximum when, 
total internal resistance = total external resistance 


or R=—— 


Ri + Ry 
2RR, 
ue Hd 
i- Eq _ ER, + ER 
Re 2RR, 


Maximum power through R 
E,R; + EjRy 
Ps =R= ( 172 2 D Ans. 
4RR (R; + Ry) 


2 


13. - -kT -T4 c[2) 


dt 
dT dt 
or y7 =o 
— —-k(T -T, 
y Ww 
jn dT t dt 
B ls y? i C 
gw MESI 


(at t = 0, temperature of conductor T = Tj) 
Solving this equation, we get 
2 


V -kt/C 
T=h+— (l-e” Ans. 
0 m ) 


Electrostatics 


INTRODUCTORY EXERCISE 


1. Due to induction effect, a charged body can attract 
a neutral body as shown below. 


* + - Fz 
+ + 
= + 
+ = _ 
n 4 + 
+ + 


Body-1 is positively charged and body-2 is 
neutral. But we can see that due to distance factor 
attraction is more than the repulsion. 

4. Number of atoms in 3 gram-mole of hydrogen 
atom = number of electrons in it 
=3 N, = (3 x 6.02 x 10”) 


where, N ọ = Avogadro number 
Total charge 
=- (1.6 x 107!) (3 x 6.02 x 10?) 


=- 2.89 x 10°C 
INTRODUCTORY EXERCISE 
1. pa hb 
4T £y r^ 
and F-G DUM 
F, _ (/47 £0) qq 
F, G mm, 


E (9x10*°) (1.6x 107 Py? 
(6.67 x 107 1) (9.11x 10° 3") (1.67 x 10°77) 


-2227x10? 
2. F= l qq 
Ane) r? 
-. ad 
9 An Fr 


Units and dimensions can be found by above 
equation. 


F =Force between two point charges 


(a) (S49 


Fa =F? + F? + 2FF cos 60° 


= /3F 


eel 


Net force on — q from the charges at B and D is 
Zero. 
So, net force on — qis only due to the charge at A. 


palle 
4T £o p 


where 7 wa a 
, 2 J2 
2 
pz — 
41 €) (a/V2) 


5. The charged body attracts the natural body 
because attraction (due to the distance factor) is 
more than the repulsion. 


Zr. | L 
. 2 


An Ey r 
(di )min = (42) min =) 
=. wl e 
mE Aner 


9. Two forces are equal and opposite. 


INTRODUCTORY EXERCISE 


1. Electric field lines are not parallel and equidistant. 


2. Electric lines flow higher potential to lower 
potential. 
; Vi >Vg 


. If charged particle is positive, and at rest. Electric 
field lines are straight then only it will move in the 
direction of electric field. 
. See the hint of above question. 
. Electric field lines start from positive charge and 
terminate on negative charge. 
. In case of five charges at five vertices of regular 
pentagon net electric field at centre is zero. 
Because five vectors of equal magnitudes from a 
closed regular pentagon as shown in Fig. (1). 

D C D C 


E B E B 


A 
(i) (ii) 
Where one charge is removed. Then, one vector 


(let AB) is deceased hence the net resultant is 
equal to magnitude of one vector 


9x10))(-2x109) s 3 
p- e x10) tl df 


= — (432i + 5.76j) x 107 N/C 


INTRODUCTORY EXERCISE 
K; cU; -K,*U, 
1 qd ! v4 nh 
ATE qm 2 ANE) Ty 


2 , "»(2 ‘| 
= [—— (9x 10°) (- 2x10 Lu 
TERM € ) 1.0 0.5 


= 18.97 m/s 


2. Work done by electrostatic forces 


=- AU 


1 Lo 
= | (11%) e — + 
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= 9) =iaxf i 7 
- (9x10?) (- 2x10 s. zs] 


=-9x107J 
=-9mJ 


. Work done by electrostatic forces 


W --AU-U;-U, 


U,-U;-W 

-(-64 x10 5) - (42 x10^ 5) 

--10.6x10 57 
. U,, =0 
1 
U, 2 ——. dd. (For two charges) 
4m€&) r 

U, #U,, 
For roo 


1 | ad 1293 4 aa | 
ATES | n2 Tj Bi | 


Now, U „ can be equal to U,, for finite value of r. 


INTRODUCTORY EXERCISE 
Wy =AU,_, =U, -U,2q(V, -V,)2qV,, 
ae yu = tee = ninoy 
10 
à C/ C 
(9g - 2 —— -5 
m 
x di 
(b) A — d 
x--d x=0 ae 
l x+d 
dV = 1 : dq 
4me, x+d 
Hu 1 Adx 
4n£o)V xt d 
E 1 Qu dx 
4Te JUx t d 
y-[ "aya 2 je-ain(i+ 4) 
M | 
Pn 
DX op 
d! x dq 
i P di 
x=-l x2 04—————9 xzl 
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q 
dg =| — | dx 
2 (5) 


At point P, 


Surface charge density, 


Q 


— RI 
dq = (©) (dA) 


-|2 
= 2) (27r) dx 


(9 R 


- =O) x as 


L 
L (“| 
4R£9J \ x 
-( 20 ; dx 
4TE L 


L 
dV = : 
0 2n£gL 


Now, dV = 


y= 


2. 


1. 


Substituting in Eq. (1), we have 


__O4 
2TE gL 
INTRODUCTORY EXERCISE 
lov > oV a] 
maz g" iiu 


--a[Qx)i - Q) 17 - 2a [xi - yj] 
(b) Again 
lov ^ OV «| 
m e 
| a oy | 


=-a[yi +x] 


E= 


E=- di = — Slope of V -x graph. 
dx 
From x 2 — 2m tox = 0, slope = + 5 V/m 
E=-5Vim 
From x = 0 to x = 2m, slope = 0, 
E: E=0 
From x = 2m to x = 4m, slope = + 5V/m, 
és E =-5 V/m 
From x = 4m to x = 8m, slope = — 5 V/m 
ES E=+5V/m 
Corresponding E-x graph is as shown in answer. 


SE igen 
ox 5 


2 2 2 
Now, |E|= (=) + ay (=) 
ox oy oz 


oV 
and —. Hence, 
y z 


No information is given about 


|E|2 


ua or |E|210 V/m 
ox 


V, =Vp and Vz = Vç as the points A and D or B 


and C are lying on same equipotential surface (L to 
electric field lines). Further, V, or Vp > Vg or Vo as 
electric lines always flow from higher potential to 
lower potential 


V,— V4 =Vp - Ve = Ed 
= (20) (220 V 


INTRODUCTORY EXERCISE 


(a) Given surface is a closed surface. Therefore, we 
can directly apply the result. 


$229 20 as 
£o 


Gin =0 


(b) Again given surface is a closed surface. 
Hence, we can directly apply the result. 


p=% 4 as 


Eo Eo 


din — d 


(c) Given surface is not closed surface. Hence, we 
cannot apply the direct result of Gauss's 
theorem. If we draw a complete sphere, then 


$ through complete sphere = 4, 
£o 


-. $ through hemisphere = tja 
2 (£0 
2. Net charge from any closed surface in uniform 
electric field = 0 
Net charge inside any closed surface in 
uniform electric field = 0 
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3. (a) 
A C 


Net flux entering from AB = net flux entering 
from BC. 


(b) : 


a E: 


Q = ES = E (TR°) 


4. Given electric field is uniform electric field. Net 
flux from any closed surface in uniform electric 
field = 0. 


Exercises 


LEVEL 1 
Assertion and Reason 


1. An independent negative charge moves from lower 


potential to higher potential. In this process, 
electrostatic potential energy decreases and kinetic 
energy increases. 


2. Two unlike charges come together when left 


freely. 
3. is pee au E 
ox oy oz 
2 2 2 
IE) = (=) ,(9V. (G2 
ox oy oz 
E22 
ox 
or =10 V/m 
4. y=% or kq=VR 
R 
For inside points (r € R), 
5-4, 
R 
or Ear 


; R 
At distance r= 5 3 


A 
6. Va -Vg =- f, E-dr 
_ [49 rdan d 
=- fog Git 4d i + d 
40 
=- 4dx + 4dy)=0 
[MAC x + 4dy) 


Va =V} 

7. At stable equilibrium position, potential energy is 
minimum. 

8. In uniform electric field, net force on an electric 
dipole = 0 
Therefore, no work is done in translational motion 
of the dipole. 
Electric lines also flow from higher potential to 
lower potential. Electrostatical force on positive 
charge acts in the direction of electric field. 
Therefore, work done is positive. 


9. Charge on shell does not contribute in electric field 
just inside the shell. But it contributes in the 
electric field just outside it. So, there is sudden 
change in electric field just inside and just outside 
it. Hence, it is discontinuous. 


10. |E|= 0 minimum at centre and |V |= 


maximum at centre. 
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Objective Questions 
1. 60-2 ES (X) (m?) > volt-m 
m 


E 
2. «-s-[£] 


m 


or g, will decrease. Hence, T — 2x ES will 
Se 


increase. 
. Electric lines terminate on negative charge. 


4. W - AU; 
-U,-U, 

[ 1 Tl gl d | 

zd lane, | i lane, T| 


2 
-( z) NM EN T 
2)\4ne, P 2 


C 


5 ye 
Yom 
T 2eV 
P Ym 
m 2e QV) 
4 Y 2m 
2 (2e) (AV) 
Va mal ————— 
Y 4m 
The ratio is 1:1: 2. 
6. v= l d 
ATE r 
y 1 (2-7 
4m€, ) X41 2 
q q =q q 
f. => 
q -q -=q q 


10. 


11. 


4ne, 3R  Aneg 3R 


= Inet 
(4n£,) (3R) 


R= == (=) 
4n£9) \ 3V 


| (9x10?) (3 x 1075) 


l d l & 


(3) (9000) 
-]m 
" 
P 
2\2R 
r=3R 
y -Eha | KOO) _ ka 
i r 3R R 
1 e 
= =mg sin® 


2 


1 2 
"- q 
ER = sin z) 


— [(9x10°) 2.0 x10 5 
(0.1) (9.8) sin 30° 


4n£o r 


=27x10°*m 


=27cm 


Q,=QV2-HO 
F, = Force between Q, and Q, at distance a 


F, = Force between Q, and Q} at distance /2a 
a 

F = Force between Q, and q at distance — 

3 1 J2 


For F; to be in the shown direction, q and Qj 
should have opposite signs. For net charge to be 
zero on Q, placed at P. 

|F;| = Resultant of F,, F; and F; 


13. 


14. 


k 
" des - J2F, + F, 
_ pl *O,0,|, k00 
e |” aay 
Of l i 242 «1 
lal "NE | z |2 
es Do 
=! Ed 
=—Q or q 4 
Zr 
m 2£9m 


[2s 4s £y m 
f2,]—z2 |————— 
Va Vlalloi 


4 x 0.1x 8.86 x 107 2 x 1.67 x 1077” 


\ 16x10 ? x221x10? 
-4x10 5s 
*q -q 
A B 


Between A and B two forces on third charge will 
act in same direction. So, this charge cannot 
remain in equilibrium. 

To the right of B or left of A forces are in opposite 
directions but their magnitudes are different. 
Because charges have equals magnitudes but 
distances are different. 


Between 2q and — q, two electric fields are in same 
direction. So their resultant can't be zero. To the 
right of 2q left of — q they are in opposite 
directions. So, net field will be zero nearer to 
charge having small magnitude. 


E, and E, are cancelled. 


E, and E; are cancelled. 
b x4. 2-4 


Eng = Ey = . 
! Ame, Qay l6nege 


net 


17. 


18. 


19. 


20. 
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F= kqı qd» k= 1 
Dp ATE, 
i= Edi ds 
E 
+ 
where, G=h=4 d 
2 
p= k (qı uS 


2 
+ 
(272) > did; 


This is because, 
(q, + hy =(4 - gy + 4a 


or (qi + hy > 4q 
2 
+ 
m (225) sae 
2 
P >F, 


(N) 


-4Q 
+2Q 
-2Q 
+8Q 


1000 (227) = Sat => R=10r 


i.e. radius has become 10 times. 
Charge will become 1000 times. 
2 1 (Charge) V e Charge 
4me, (Radius) Radius 
Hence, potential will become 100 times. 


Po de (1. or PD œ qn 
4ng; (R 2R 


The desired ratio is — 22 =— 3 
20 2 
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21. S- (Di > 6=B-S=5V-m 


22. 
F, = Force between q and q 
_ 1 4xq 
Ane, (V2 ay. 
F = Force between Q and q. For net force on q to 
be zero . 
h= V2 Fi 
1 4g [1 | 
27 V2 ` 12 
4T£, 2a ANE) a ] 
ll - 2/20 
with sign, q=- 242 Q 
23. V, 20 
kqa | Kap -o 
Ip 7g 
dp ——d4—--—4 


Charge distribution is as shown below. 


From Gauss's theorem, electric field at any point 
is given by 
E= kain 
E 


Gn inside A and outside B is zero. Therefore, E = 0 


24. E (2) 2 or stp 
r 2 \R 3 


Distance from surface = r = R 


= qE 
or T= ae 
sin 0 
Similarly, T cos0 = mg 
27. E- 9. 
£o 


Or (as 6 > same) 


28. — 


Potential is zero at infinite and at origin. 
Therefore, PD = 0. Hence, the work done asked in 
part (c) is also zero. 


29. According to principle of generator PD in this case 
only depends on the charge on inner shell. 
30. 500 = 44l i) 


2 


5 
k (- q) 


7 


— 3000 = ...(ii) 


Solving these two equations, we get 
r=6m 
TE 500 7? 
7 k 
_ (500) (6* 
9 x 10? 
=2x10 °C 
=2uC 
31. 1 ib d ih 
4mey mH 4n£gk m 


32. W,,5-q(Vg -V4) 


=q |- [i Ear! =q i. E dr 


=al. A dr = Em in(3) 
2a ITE 2TE, 2 


+À 


33. | Ce 


Negative charge of dipole is near to positively 
charge line charge. Hence, attraction is more. 


34. r= (4-17 + Q-2y + (0-4? 
=5m 
oA 8 
4mé) r 
9 -8 
.Qx1)Qxi0*) cV 
5 
Field is in the direction of r = r, — r} 
ki 
35. y - 
R 
kq = VR 
|.Kq. VR 
SEa m2 
T r 
36. W = Fs cos0 = qEs cos 0 
MW 
qs cos 0 
" 4 
0.2 x 2 x cos 60? 
- 20 N/C 
Q -Q 
37. _ 1 
d a 
kQ kQ 
n R Tae 
R? + d° 
y,- 2 #0 
Ri.q? R 
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38. E = 0, inside a hallow charged spherical 
conducting shell. 


39. W=F-r 
=(QE)-r - Q (E-r) 
-Q (E,\a+ Eb) 


Subjective Questions 


1. p=“ -0 
r 


where, k — : 
ATE, 


For F to be maximum, a =0 
dq 


. dF 
By putting — = 0, we get 
dq 


_Q 
E 2 
3.2 9. 
2£o 
o = QE £9) 


=2x 3.0 x 8.86 x 107!” 
=5.31x107!! C/m? 


4. C 
R P 
(i) 


(ii) 
If loop is complete, then net electric field at centre 
C is zero. Because equal and opposite pair of 
electric field vectors are cancelled. 
If PQ portion is removed as shown in figure, then 
electric field due to portion RS is not cancelled. 
Hence, electric field is only due to the option RS. 
l dps | 1 (q/2mR) x 
4n&; R? \4ne, R? 
2 0X 
8r? eR 
5. Let q, and q, are the initial charges. After they are 


connected by a conducting wire, final charge on 
them become. 


di -4- (222 : 2) 
Now, given that 
9 
0.108 = * cs (42) zii) 


640 ° Electricity and Magnetism 


2 
(9x 10°) (2 : 3 


(0.5) 
Solving Eqs. (i) and (ii), we can find q, and q. 


0.036 = 


...(ii) 


6. Since, net force on electric dipole in uniform 
electric field is zero. Hence, torque can be 
calculated about point. This comes out to be a 
constant quantity given by 


T=pXE 
7 E, 
Engle vE [Net= 
P 
^2 
re 90^. r 
5 f aN 
p | M 
9 N 


E, = Electric field at P due to q 


[1 |4 
4n£,) r? 


E, = Electric field at P due to — 2q 


(O1) 
Ame) y? 


Net electric field at P, 
E — 2E, cos 0 + E, 


(23696) (9 


Applying binomial expression for Z <<l 


y 
we get, 
3 
pact. zl 
4ng£j 2y 
E 3qa? 
4n£oy 
2 
or E-- 34a 


8. If we make a bigger cube comprising of eight 
small cubes of size given in the question with 
charge at centre (or at D). 


Then, total flux through large closed cube = BE 
£o 

There are 24 symmetrical faces like EFGH on 

outermost surface of this bigger cube. 


Total flux from these 24 faces is 4 Hence, flux 


£o 
liq 
from anyone force = — | — |. 
24 \ £0 
Electric lines are tangential to face AEHD. Hence, 
flux is zero. 
a 
9. (a) -a UR *a 
tht OO 
q O Q q2 
qı and q, should be of same sign. 
Further, Kae = Fac 
(3a/2)Y  (a/2) 
q 7 94; 
3a 
-a a 752 
(b) : . 
Q1 O q2 Q 


Therefore, g, and q, should be of opposite 
signs. Further, 


kqiQ = kq;Q 
(Sa/2y | (a/2y. 


Or magnitude wise q, = 25 q with sign 


qı =- 2545 
X y 
10. +q -Q +4q 


x+ y=L a(i) 
Let force on — Q charge should be zero. 
kQ. q _ kQ (Aq) 
m y. 
zu 
y 2 


E 


.. (it) 
From Eqs. (i) and (ii), we get 
L 2 
x=— and y=— 
3 " 3 


Net force on 4q should be zero. 
k |Q\(4q) _ kq (4q) 
QL/3Y. T 


4 
IQi-5«4 
With sign, 
4 
Q- 94 


Similarly net force on q should be zero. 
k|Q|q _ kq (4q) = 
(L/3)° P d 9? 


If we, sightly displace — Q towards 4q, attraction 
between these charges will increase, hence — Q 


will move towards + 4q and it will not return back. 


Hence, equilibrium is unstable. 


11. -80 


Using Lami’s theorem, we have 
mg F 
sin (90° + 30°) sin (90° + 60°) 


F= = ae l DE DUE 
4TE, 43 


4T Tm z R? 


F = Electrostatic force between two charged balls. 
/3F = Resultant of electrostatic force on any one 


ball from rest two balls. 


a = Í cos 60? 210 cm 
r = 2 a cos 30° 


- (2) (10) E = 1043 cm 
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Now, applying Lami's theorem for the equilibrium 
of ball we have 


mg _ J3F 
sin (90? + 30?) sin (90° + 60?) 
p.Pg. l (qm mg 
2 
3 4m£&) r 3 


u mgr? 
á 3 (1/4 TQ) 


_ 10.1x 1073) (9.8) (10/3 x 107 ?y? 
3x9x10? 


233x10 5C 


E, = Electric field due to charge q at distance a 


(zs) 


E, = Electric field due to charge at distance /2a 


E I q E 
4ng)) (J2ay 2 
Net electric field at P, 


242 E+ = (In the direction of £) 
= /2E, + E 
2 
1 
= (v2 + Br 
2 


_ (V2 + Dg 


8TE a” 


l qg 
14. E= r, —r 
Ane, r (=) 


= (1.2)? + (6 22m 


(9 x10?) (8x10 °) 
2’ 


= (144j -10.8j) N/C 


. E= (12i —10.8i) 
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2 L/2 L a 
0 (4n&J | à +x | Ja + x 


Solving this integration, we find the result. 


-dg dE 4 


AY 
Enet 


19. 


Now, resultant of two vectors of equal magnitudes 
(= E say ) at 120° is also E and passing through 
their bisector line. 


So, resultant of 1 and 5 is also E in the direction of 
3. Similarly, resultant of 2 and 6 is also Æ in the 
direction of 4. 


Finally, resultant of 2£ in the direction of 3 and 2E 
in the direction of 4 passes through the bisector 
line of 3 and 4 (or 9.30) 


_ 2usin0 2x25xsin45? 5 : 
g 10 V2 


R=S,=ul + car? 


T 


= (u cos 45°) (T) + 2 (=) T? 
2\m 


xay) enm 


= 62.5 + 250 2312.5 m 
E 
20. (a) ge =g + Kid 


m 
(1.6 x 107?) (720) 
=104 E 
1.67 x 107 


= 6.9 x 10 m/s? 


» u? sin 20 
Ee 
(9.55 x 10°)’ sin 20 
6.9 x 10!° 
Solving this equation, we get 
0 = 37? and 53? 
2u sin 0 


Now, R 


(1.27 x 10?) = 


(b) Apply T = 


à 
qE (1.6 x 10") (120j) 
m (9.1 10735) 
=- (21x10? m/s? 
X 2x10? 4 
v. 15x10 3 
V-— Uu - af 

= (1.5x 10° i + 3.0x 10° j) 


21. (aja= 


(b) t= x10 7s 


5 (1x 10% x$ x 7) j 


= (L5i + 2j) x 10° m/s 


22. kq = k |a| 
n n 
n.a 2 
5 lhal 3 
where, 7 = distance from q, and 


7, = distance from q, 
40 cm 60 cm 
e + 


qı P Qe 
X20 x=40cm 


: X 1 2 
First point is at x = 40 cm where, Az 3 
5 
200 cm 100 cm 


e—a 
P Q4 Q2 
x=-200cm x=0 


X | 2 
Second point is at x = — 200 cm, where az ri 
P5 
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dq = hdx 
Potential at C, due to charge dq is 
av -402 


ru k = 1 
r ATE, 


. x=a/2 
Total potential = 6f - dV 


24. (a) AU =-q (AV) 
=- (12 x 1075) (50) 
-2-60x10 1J 
(b) AV = Ed = E (Ax) 
= (250) (0.2) 
=50V 


25. k,+U,=k, +U; 


1 2 1 2 
mv, + qV mv; + qV 
2 atqa 2 Bt q"g 


2 
v= fht amor) 


2x (5x106) 
= _|(5F 4 200 — 800 
/ 2x10 ^ ( ) 


= 7.42 m/s 


Vg — v, as the negative charge is moving (freely) 
from lower potential at A to higher potential at B. 
So, its electrostatic PE will decrease and kinetic 
energy will increase. 


k. 1) -5 
26. (a) V. - = -[ Y a 
0 


k Ane 
(b) V, = "x 


where, r — distance of P from any point on 
circumference 


eet 


27. W 2 AU ZU; -Up= QV, - aV, 


ke k 
A “| «[ 3 
n Ty 
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1 1 
= kqi Q f -+) 
i f 


= (9 x 10°) (2.4 x 1079) (- 4.3 x 10°) 


1 1 
[ss x) 


-—0.356J 
28. (a) U =k (22 ,1% | e| NO 
n2 n3 13 
where, k = 
4TE, 


(b) Suppose q; is placed at coordinate x (> 0.2 m 
or 20 cm), then in Eq. (i) of part (a), put 
U =0, n = 0.2 m, 43; =x 
and hz = (x — 0.2) 
Now, solving Eq. (i) we get the desired value of x. 
29. U=0 
(2 , 4X0 , 1x2) 9 


a a a 
q 
or =-= 
9 2 


B 
30. Apply V; -V,=—| E-dr i) 


Eis given in the question. 
and dr = dá + dyj 
E- dr = (5dx — 3dy) 
-| E- dr = Gy- 5x) 


With limits answer comes out to be 
Vg -V,-23 (vp — y»)-5 (xy — x;) 
31. Procedure is same as work done in the above 
question. The only difference is, electric field is 


E = (400j) V/m 
B 
Vy - V, =- | E-dr =~ 400 (y, = x) 


32. Similar to above two problems. But electric field 
here is 


E - (20j) N/C 
Vy - V, =- J E- dr =- 20 (x - x) 
[V]. [MP T?A^] 
[xy] [L][L] 
-[MT? A^] 
[av 4 9£ 5. oF ^ | 


a |a! yo me^] 


33. (a)[A] 


34. 


35. 


36. 


37. 


38. 


39. 


lin the 


(c) Substituting, 4 210, x = 1, y= land z 
expression of part (b) we have 


E = (- 20i — 20j - 20k) N/C 
IE |= J- 20)? + (- 20} + (- 20}? 


22043 N/C 
See the hints of Q No. 31 to Q No. 33. 
Ve =V; =Vg -V4 =- 20 Œp —x)) - 30 (y; - X) 
or V,2-20(2-0)-30(2-0) 
=-100V (as V, = 0) 
(a) E- W oy E TELLS Y 
ox oy Oz 


- -[(4y - 2Bx) i + (4x + C)j] 
E, =(= Ay 2Bx) 
and | E,-(- 4x - C) 
(b) E 0if E, and E, are separately zero. 


— Ay* 2Bx =0 (i) 
and — Ax-C=0 ...(ii) 
Solving these two equations 
We get 

gen © and y=- 2C 
A A’ 


Sphere is a closed surface. Therefore, Gauss’ s 
theorem can be applied directly on this 


o pem Gin 
total 7 
£o 


or Gin = (total ) (Eo) 
=(360) (8.86 x 10° |”) 


=3.19x10°C 
= 3.19 nC 


(a) O iat = 
£o 


(b) di = (Protar ) (£g) 
S -(02)i 


$-B.S =0.2 (2 Bo) 


= 0.2 x 0.6 x 2 x 10? 

= 240 N-m?/C 
Electric flux enters from the surface parallel to 
y-z plane at x «0. But E = Qat x = 0. 
Hence, flux entering the cube = 0. 


Flux leaves the cube from the surface parallel to 
y-z plane at x = a. 


Flux leaving the cube = ES 


l l 


Substituting the values, we get 
| (5x10) 107?» 
(2x10?) 
-25x10! 
= 0.25 N-m^/C 
At all other four surfaces, electric lines are 
tangential. Hence, flux is zero. 
Paa = (0.25) N-m?/C = Zi 
£o 
Gin =(0.25) (Eo) 
= (0.25) (8.86 x 10° ?) 


=32x10 "6 
40. See the hint of Example-1 of section solved 
examples for miscellaneous examples. We have 
(1— cos 0) Q 
a 
2£9 
But, g = al 
0 
1- cos 8 
$ x (total ) ( ) 
2 
; 1 
Given that $- 4 (Oii) 
Substituting in Eq. (1), 
we get, 0 = 60? 
z = tan 60°= V3 
RzJ3b 
41. (a) S;-Qcp 


$5; 2 E.S;-- CP 


Similarly, we can find flux from other surfaces. 


- (=) (à!) = (=) (à!) (at x — a) 


(i) 
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42. We have 


jo 0099) 
2 £9 


Here, flux due to + q and — q are in same direction. 


(1 — cos0) 
total = 26 = m 


C= (a, 0, 0) 


| 


q C 


43. 


>X 


Flux passing through hemisphere = flux passing 
through circular surface of the hemisphere. 

For finding flux through circular surface of 
hemisphere we can again use the concept used in 
above problem. 


_ q(1— cos0) 
2€y 


=L (1— cos 45°) 
2e, 


E 


o 


n 


44. 


Note Take area vector in outward direction of the 


cube. 


(b) Total flux from any closed surface in uniform 


electric field is zero. 


o (An? + 40?) = Q 
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- Q 
= an (ER) 


Potential at centre 
= potential due to A + potential due to B 


P 
D Sphere 
Ring Q 


(Total charge = qo) 


45. 


Charge on arc PQ of ring = = 

This is also the charge lying inside the closed 

sphere. 

fin 

£o 

— (qo/3) . do. 
Eq 3€y 


$ through closed sphere = 


46. 


zero 
If outermost shell is earthed. Then, charge on 
outer surface of outermost shell in this case is 
always zero. 


AT uy e DARE 9e 


£j £9 E 


=— (a—b+c) 
£o 
y, -(&) (2) ob i oc 
£9 ) Vb Ey £9 
ola 


«(9-5 


ofa P 
=—|—-—+c 
“té c 


(c) Wc =0 
= V, — Ve 
2 342 
or (a—b+ -[: a J^ 
c 
or a+b=c 
48. (a) 
+Q 
-Q Q 
6;- and 04-7 
' Ama) ^ 4nd? 
(b) 
Q+q 
_-9 
' Ama? 
and ©) = (Q*o id D 
4ra 
(c) According to Gauss’s theorem, 
E- 1 Jin. 
ATE r 


For x < R, gin =Q 

and r = x both cases. 

| Q 
5^ 


ATE, x 


E= 


49. Let Q is the charge on shell B (which comes from 


earth) 
V,=0 
kq KO f 
b b C 


e»). 
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Charges appearing on different faces are as shown Total charge on A + C is 3q. Therefore, 
DELON -q+ q -h +4 =3q -â 
Vg =0 
(2:2) ! c (22). [2-2] -0 
2R 2R 3R 
...(ii) 
Vy =o 
ais "EE c 2) a (254) a4 (2-2) 
-(Q +q) 
» =r (2) | e (2-a) + (8) Gi) 
b 3R 3R 3R 
Qtq-|—|d 
c In the above equations, 
50. k= 1 
4TE, 


Solving above there equations, we can find q1, q 


and qz. 
C) 52. (a) From Gauss's theorem 
= (|) Ens) Cn) 
4n£o) Nr 4méy) Lr 


E CE. 
d 2ney? 
Total charge on A + C is 3q (b) According to principle of generator, potential 
j ae E difference depends only on q;,. 
20 (1 1 Q 
Vg =0 s PD= ( - 
ka yy E t af (2 d -0 G) Bo doi 
2R 2R 3R = (c) According to principle of generator, whole 
y,-E inner charge transfers to outer sphere. 
ASG (d) V. 20 
Mh ea (22) (18) ik din kO ig E E 
R 2R 3R "OR 3R Tin 3 
CM «(82) (22) Gid 53. (a) Atr=R, 
3R 3R 3R 
l 1 y. 1 [9 20,30] 
In the above equations, k = du Ane, |R 2R 3R 
Solving these three equations, we can find the = l ) (2) 
asked charges. 4me,) VR 


Atr=3R 
1 [Oo 20,30] OQ 
4n£;| 3R. 3R 3R] Ong 


-[ L1 | din. 
( eL r 


il l )£z2- -Q 
Ane | GR) | 2257ER? 


51. 
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(c) 


(d) 


Minus sign implies that this electric field is 


radially towards centre. 


where 


, 


where, 


where 


and 


where 


Total charge on (A + C)is3Q + Q —- 4Q. 


Now, 


, 


, 


R 


Vi = Ve 
kq_k QO) k4O-a) 
2R 3R 
_ k (Q -20 + 30) 
3R 

Solving this equation, we get 
-2 
4 2 


(i) 


7 
aia -4=32 


1 q_ 1 [q-20]_ -30 


4ney r? ame, | GR/2y. | 50ne)R* 


Minus sign indicates that electric field is 
radially inwards. 


(e) E= 


LEVEL 2 
Single Correct Option 


1. Let us conserve angular momentum of + 2q about 
the point at + Q. 
mv} sin 0, = mv, r, sin 0, 
(m)(v)(R)sin150? 


v 
= m| —= js sin 90? 
Gs ) 
43 


E; =——R 
2 


min 
2. (v), 2v = (vg), =2v sin 30? 2v 


Since, y-component of velocity remains —— 
unchanged. Hence electric field is along (— i) 
direction. Work done by electrostatic force in 
moving from A to B = change in its kinetic energy 
1 
(eE) Qa - a) = ;" (av? - 93 


2 


E- mv 
2ea 
2 
or E=- amy i 
2ea 


Rate of doing work done = power 
= Fv cos 0 


amv?) 
(x (e) (2v) cos 30° 
2ea 


B 343 mv? 


2 a 
a T. 
I 
3. i 
i} 

a 1b 

+ ! TA 
q | 179 


Just to the right of a, electric field is along ab 
(positive) and tending to infinite. Similarly, 


electric field just to the left of b electric field is 
again along ab (.-.positive) and tending to infinite. 


Resultant of E, and £; is also equal to £ along £, 


5. From centre to the surface of inner shell, potential 
will remain constant = 10 V (given). 


6. By closing the switch whole inner charge transfers 
to outer shell. 


@. i ©) 


Heat produced =U; -U 
=U, -U5,)-U, 


_ ATE, 
(l/a — 1/2)a 


ê _ kÈ 


l6nega 4a 


where, = TE 


Heat = 


(along £) 


10. 
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Let Q charge comes on shell-C from earth. Then, 


Vo=0 
ka + kQ = ką =0 
3a 3a 4a 
Solving, we get 
eee 
9 4 
Now, Ve kq  kqgíA kq _ kq 
2a 3a 4a 6a 
and Vo=0 
i= 
4 C67 la 
ee: 
P (4/3) TR? 
4_ 3 
=—mTpR 
q 3 p 
V-V; = 3 l q l q 
2\4me, R 4ngy R 
__4 
8ngyR 
Substituting the value of q , we have 
3 
pR 
Vo -Vs = 
BO i 
F, 
T | 
Fi 
VA 0 
iu V= 0 


Hence, in between A and C there is a point B, 
where speed of the particle should be maximum. 


F, = mg = constant 
F, — electrostatic repulsion (which increases as the 
particle moves down) 


From A to B kinetic energy of the particle 
increases and potential energy decreases. Then, 
from B to C kinetic energy decreases and potential 
energy increases. 


Over Q,, potential is + a. Hence, Q} is positive. 


V, = Qand A point is nearer to Q». Therefore, Q, 
should be negative and |Q; |> |Q>|. 
At A and B, potential is zero, not the force. 


Equilibrium at C will depend on the nature of 
charge which is kept at C. 
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11. V; is positive and V; is negative. Hence at all 
points, 
Vy >V, 
12. Just to the right of q}, electric field is + & or in 
positive direction (away from q;). Hence, q; is 


positive. Just to the left of q, electric field is — a 
or towards left (or away from q). Hence, q is also 


positive. 
Further E = 0 near qı. Hence, 
qd € 


13. Electric lines of forces of q will not penetrate the 


conductor. 
14. E= 400 cos 45? i + 400 sin 45° j 


A 
V,- Vg =- |, E-dr 


where, dr = dxi + dy j 


15. q, will remain unchanged. 


Hence, according to principle of generator 
potential difference will remain unchanged. 
Vj —-Vg —V,-Vg 
or Vi=V,-Vep 
16. W,=0 


Wy = (F,) (displacement in the direction of force) 
= Kinetic energy of the particle. 


[1 0 | 


1.4 
—mv = qE|— — — cos 60? 
2 lo 2 | 
LL [E 
m 
17. L2 mv r, =m (at) (xg) 
=m (22) re or Let 
m 


18. U; - K;=U; +K; 


1 
or qV; T 2 V2 = qV, + 0 


Eg olo aly 
T [A (2) "ppt 413 * ane R 


From here, we can find Vmin- 


(as Vz — 0) 


20. 


21. 


22. 


Kimin + Wa =0+ Vo, ..-(i) 


Sana 
G 4ne (2R R 


eml- 
C 4ne (R 2R 


Substituting these values in Eq. (i), we can find 
K nin . . 
E-Eji - E,j 


Now we can use, [av =-[E-ar 


two times and can find values of E, and £. 
Let P = (x, y) 


r= (xt 3a) + y 
p -4Q4(x- 3a}? + y? 


ı To 35]. á a 
4m) | 5 n | 
Substituting values of 7, and n in Eq. (i), we can 


see that equation is of a circle of radius 4a and 
centre at 5a. 


p 


F =0 
a, = 
F,- gE 
_ 4E 
Y m 
x = vt and 


did x. s 
Substituting ¢ = = in expression of y, we get 
v 


= qEx? 
2| my? 


1 
KE= 3 m (2 + v?) 


E 
where, v, = v and v, = a,t = gr 
? : m 


X my 
" € 


2kqX 
i m 
_ 2m 


v 


Minimum tension will be obtained at ot + 7. 
25. Energy required = AU =U, -U; 


2 (€) Ẹ 4 qd d d eJ 
imis a 42a a a Ja a) 


[V2 4 1] 


Ete 
26. On both sides of the positive charge V 


over the charge. 


2T. U= 


=+ œ just 


(a =side of triangle) 


=3U -U =2U 


28. U; +K; =U; + Ky 


1 
0+ —mv* = 
2 nE F v 


If vis doubled, the minimum distance r will 


. 1 
remain — th. 
4 


29. See the hint of Sample Example 24.9 
p _ L6 


p-o 16-08 


30. 


31. 


32. 


33. 


Chapter 24 Electrostatics ®© 651 


psal. iis E 
5 Ane) a | ane, Pad | 


x5) | 


Since, b « < a, we can apply binomial expansion 


zm Tm L 2 í z) 


Let E = magnitude of electric field at origin due to 
charge + q. Then, 


5E E, 
(i) 
5E 
= GE + (SE) = 5V2E 
5E Fe 
(ii) 


> 
| 5E 


E, is again 5J2E. 


Similarly, we can find E, and E, also. 


1 1 à 
q 
2 "|4ne, R 


2 
9x10 x 410°? | 


ay 


U => ey = 
r 


=Ë J/m? 
2 


W 


They have a common potential in the beginning. 
This implies that only B has the charge in the 
beginning. 
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y = “te or kqg =Vb 


Now, suppose q, charge is given to A. Then, 
-4u f o 


or kay =~ a( 2) =— av 


34. Let E- E, i+ £,j+ Ek 
Apply fav =- [Edv 


three times and find values of E,, E, and E.. Then, 
again apply the same equation for given point. 


35. ©) —— ‘Cl 


Let charge on Bis d 
Vy 20 
KAD) kd _ 9 
d r 


36. . | i a 


l 
E 


The induced charges on conducting sphere due to 
+ qcharge at P are as shown in figure. 

Now, net charge inside the closed dotted surface is 
negative. Hence, according to Gauss's theorem net 
flux is zero. 


pem d 


37. 


Since |O5| > Q4, electric field outside sphere B is 
inwards (say negative). From A to B enclosed 
charge is positive. Hence, electic field is radially 


outwards (positive). 


x On A x 
38. E- E xjl- [C 5) i + C7 &) j] 


[E|- 4 y + (ay 
=kyxX + y =kr 
[E|e r 
More than One Correct Options 


1. (a) V,- 2y = Ma, Me 


R 2R 
V, = 3 V= kay + kdg 
2 2R 2R 
Solving these two equations, we get 
a_l 
dg 2 


(b) 


24 A -] 
Í —44 
(c) & (d) Potential difference between A and B 
will remain unchanged as by earthing B, 
charge on will not changed. 


V; -V =V; -Vz 


spe pa^ 
2 
, VK 
mc 
as Vz =0 
2u 
2. r- 22X10 _ 
g 10 
wy (10° 
2g 20 
E 
Radar? = (E)r 
2 2\m 


2 2 
=10m 


i NER. ...(i) 
4x&g (R4 0.05) 


=3 4 
4 x10 Jo 


M M ...i) 
4n£y (R+ 0.1) 


Solving these equations, we get 


5 an 
=—x10°7C 
Á 3 
and R-0.1m 
@ Y- 4 
4ng£y R 
exi o7] 
H 0.1 
=150V 
(dg 1 . Pr arg 
4n£;, R^ R 01 
-1500 V/m 
(d) V conie =15 Firb 


5. Electric field at any point depends on both charges 
Q, and Q,. But electric flux passing from any 
closed surface depends on the charged enclosed by 
that closed surface only. 


6. Flux from any closed surface = Js 


qi, = 9, due to a dipole. 


8. p=" dn Here, k = l 
r 4T£9 
s E,-E,-0 
but, Ey #0 
kq 
Fas I <R 
R ( ) 
pou (r2 R) 
r 
9 E-gE 
Hinge force 


h -qE 


Higher force = 2qE (towards left) 
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qE 


qE 


If we displace the rod, t, = t; or Tye = Oin 
displaced position too. Hence, equilibrium is 
neutral. 

10. Along the line AB, charge qis at unstable 
equilibrium position at B (When displaced from B 
along AB, net force on it is away from B, whereas 
force at B is zero). Hence, potential energy at B is 
maximum. 

Along CD equilibrium of q is stable. Hence, 
potential energy at B is minimum along CD. 


Comprehension Based Questions 


1. V outer = 0 
kQ , kr _ 
2r 2r 
Q, =- Q =charge on outer shell 
2. Vimer = 0 
kQ, | kQi _y 
r 2r 
Q;-- — - z = charge on inner shell 


Charge flown through S, = initial charge on inner 
shell — final charge on it 


-9-gQ,-2 


3. After two steps charge on inner shell remains = or 


half. 

So, after n-times 

Q 

Qy 

Now, according to the principle of generator, 


potential difference depends on the inner 
charge only. 


Gin = 


matl 
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4. According to Gauss’s theorem, 


ele 
4ne)) Vr 
Forr<R 


din =| (4nr*)-dr-p 
= | an) Po) ( a z) dr 


3 4 
r r 
-em[5 


Substituting in Eq. (1), we get 


I. 4] 
E=Po |: a un 
£ 3 ar] 
5. For outside the ball, 


E= 1 = 
4 TE 9 r 


R 2 r 
where, os n (4nr^) (Po) [ - zw 


Substituting this value in Eq. (1), we get 
p. PoR? 
~ 2 
12 er 


6. For outside the ball, electric field will 
continuously decrease. 


Hence, it will be maximum somewhere inside the 


ball. For maximum value, 


dE 
“=0 
dr 
d p, r r J 0 
dr | £(3 4R | 
: 2R 
Solving, we get r — E 


eee 2R : 
7. Submitting r = - in the same expression of 


electric field, we get its maximum value. 


8. Potential difference in such situation depends on 
inner charge only. So, potential difference will 


remain unchanged. Hence, 
AV =V, - V, 


q-0 


(i) 


(i) 


(i) 


(ii) 
= 0 when solid sphere is earthed 


ky KO, 
a b 


vo 


10. Whole inner charge transfers to shell. 


V. 


inner 


Total charge on shell = q) — Q 
a 
=Q|--1 
oy 
Match the Columns 


1. (a) Ec and Ep are cancelled. Eg and Ep at 60° 


(b) Eg and Eg are cancelled. Ey and Ep at 120°. 

(c) Eg and Eg are cancelled. Similar, Ep and Ec 
are cancelled. 

(d) Ey and Ep at 120°. So, their resultant is E in 
the direction of Ej. Hence, net is 2E. 


2. fav »- [£a 


k 
(a) V= r (1.5R? — 0.5) 


acc] 


8 
dpi m v 
2R 2 
() Ez. 
Qu(R) V V TP 
Q2) 28 2 GfR-1m) 
kq VR 
d e 
«) Do (RY 
a! n, ean 
4R 4 


Subjective Questions 
1. (a) By comparing this problem with spring-block 
system problem suspended vertically. 
Here, mg = qE = 50x10 $ x 5x10 225N 


X max = 2 mg/K 
2x25 
Here, X 2 gEIK 0.5m 
or = 50cm Ans. 


(b) Equilibrium position will be at x = mg/K. 
Here, it will beat x = qE/K = = = 0.25m 


or 25 cm Ans. 


(c) Force QE is constant force, which does not 
affect the period of oscillation of SHM. 


rea P eos 4 
K V100 


=F 5=1265 Ans. 


(d) umg =0.2X4x10=8N 
Therefore, here constant force will be 
qE — umg = 25-8 = 17 N =F (say) 


2F 2x7 
AX. = —— Z= 
= K 100 
— 0.34 m Ans. 


2. Total charge on ring = (22a) = q (say) 
Electric field at distance x from the centre of ring. 

1 qx B ax 
Ane, (d) 4 x7)? 2&4 (à? +x’) 


3/2 


Restoring force on — Q charge in this position 


would be 
AaQx 
F= E = 
Q I T — 
For x «« a, 


F= haQ x= aO x 
2£ga 2€oa 
Comparing with F =- kx, 
_ M9 


= 2 
2£ga 


2 
T= ax f” = 2r | ru Ans. 
k AQ 


3. q=q=  =30 


%=O-N=-20 


_E= (Zi : 9V ^ 
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d,--4-t*t20 
d 4720-44-20 
d,7-4-0 
1 2 3 4 5 6 


(a) Net torque on the rod about O = 0 
1900/2), 2.) 
Ane, P \2 2 
s i 
Ane, k 2 


E 14 Qq ] Ans. 
2| (En wi | 


(b) There will be no force from the bearing it, 


w = net electrostatic repulsion from both the 
charges. 
1 QQqaq) 


E Ane, HW 


or h= 30q Ans. 
4TX£oWw 


; ij-« 3i + 4D NC 


1 
ox oy 
m 
109, ^ 4 
=—_(-3i -4j 
ia JU) 


=(-3x107i-4x107 j) ms? 
When particle crosses x-axis, y= 0. 


Initial y- coordinate was 3.2 m. 
and ay =— 4x107 m/s? 


- 2x 3.2 
y= Oat time t = X. = 4000s 
4x10 
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At this instant x-coordinate will be 
l 52 
X =X; + 5^! 
224 E 3x107)(4000 = — 0.4 m 


Now, V, =(3 x 2) + (4 x 32) 2188 V 
V,2(3)(-04)2-12V 


AV =20V 
Speed, v= x d 
m 
— [2x10 x20 
E 10 
= 2.0 x 10° m/s 


6. From work-energy theorem, 


"s C./60* 


u?) — — mgl (1+ sin 60?) + qE l cos 


Substituting the values, we get 


Ans. 


60? 


u? — v’ 23232 (i) 
Further, at C tension in the string is zero. 
2 
Hence, ae = mg sin 60° — gE cos 60° 
or y? = 3.66 .. (ii) 
From Eqs. (i) and (ii), we get 
u= 6 m/s Ans. 


T. There are total 28 pairs of charges. 
12 pairs > Q and — Q — distance L 


12 pairs — (Q and Q)or (- Q and -Q)— 2L 


4 pairs > Q and - Q > J3L 


zi. pe 1 o 
* "Jl L EA 


1 -Qo 
li (x =| ea 


Q? (346 + 42-343 
TE gL V6 


with decrease in L, potential energy will decrease. 
Therefore, cube should shrink as the conservative 
forces act in the direction of decreasing potential 
energy. 

Increase in KE of the system = decrease in PE 


or 8 (3m*] =u, -v, 
_ O° (346 2 -343 ( 1 J 
Ey V6 nL L 
O^ —1)86 442—343) 
or v= Ans. 
4nmnLe V6 
. Let charge q, comes from the earth on outer shell 
qi7-Q -Q 
— 
V outer = 0 
1 [2 + a| =0 
4n£p|2r 2r 
or q-7-9 
When S, is closed and opened, 
V inier = 0 
1|4. 9|. 
4me,| r 2r 
29 
or n= 2 


Proceeding in the similar manner after n such 
operations we get, 


Charge on the inner shell, 


_o 
(2)" 


In 


and the potential difference between the shells, 


ay = 7 [1-7 
4mey Vr 2r 


AV = -— am Ans. 
(2) ATE 


9. (a) Over charge Q,, field intensity is infinite along 


negative x-axis. Therefore, Q, is negative. 


Beyond x > (/ + a), field intensity is positive. 
Therefore, Q; is positive. 
(b) Atx = l + a, field intensity is zero. 


kO, — kQ, |O ( + a) 
5 = or = 
(+ a) a Q, a 
(c) Intensity at distance x from charge 2 would be 
kQ, _ kQ, 


i (x + Dy x 


For E to be maximum UE =0 
dx 


2kQ. , 2kQ, 
7+" =0 
(x + I) x 


I Cop 
or l+-= 
x a 
l 
or x= 2/3 
lta 
(4) -1 
a 
l 
or bm——————— Ans. 


23 
(= 4 
a 


10. Capacities of conducting spheres are in the ratio of 


their radii. Let C, and C, be the capacities of S, 
and S5, then 


ER 
(a) Charges are distributed in the ratio of their 

capacities. Let in the first contact, charge 
acquired by S,, is g,. Therefore, charge on S, 
will be Q — q,. Say itis qj. 

d nN Co R 

ú O-4 Ci r 
It implies that Q charge is to be distributed in 
S, and 5, in the ratio of R/r. 


R . 
qı -eG t) Sos i) 
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In the second contact, S, again acquires the 
same charge Q. 
Therefore, total charge in S, and S, will be 


o+a=ofis zi 


R+r 


This charge is again distributed in the same 
ratio. Therefore, charge on S, in second 
contact, 


R R 
= e(t 5) 


Similarly, 
| R RY (RY 
= + + 
É Rer (i laa | 


Therefore, electrostatic energy of S, after n 


such contacts 


2 2 2 
ELS d, EE 


U, ES m or U, = Qe 
2C 2(AmngR) 87€ 


3 


where, q, can be written from Eq. (ii). 


n-1 
R | R 
(b) g, = Q 14 E 
R+r| R+r R+r 1 
as n — co 
1 
R i 
1 == 1- 
ui R+r 
|. OR (A+4}-0% |.- =] 
R+? D r l-r 
ge QmWip? 
^ 2C  S8ng&R 
2 
Or Ur. BS. Ans. 
BTE 
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m Y. 2qV 
qE qat dv, 
"om m dt 


NE 
: 2m 
T ie ny m) a 
á 2m 24V 4y 


Now, angle of deviation 


v. 2 
0-tan!|— | = tan! al / ald 
Vy 4V m 


2 
= tan! E ua | Ans. 


12. From energy conservation, 
Uc * Ke =Up + Kp 


9 V -5 
. p| EOD Y - 5x10 lea 


E" 9 x 10? x (5x107)(- 5 x 107°) i 
AD 


Solving we get AD = 9 m 
Maximum distance, 


OD - (9 - BY 


=472 m Ans. 


13. From conservation of energy, 
U,;+K,;=U;+ Ky 
or qV,+K; -qV,*K, 


1 
or q Q + -mv 
4n£yg] 2 


2 
zi Q | ise os Je 
ATER 4 


2_1104 Qq 


1 
or mv = 
2 3ngyR 4NEgr 


or y= Qq (= + z) Ans. 
2ng£ynR r 8 


14. From energy conservation principle, 
K,+U,= Ky + U, 


or cm + (+ aW; =0+ (+ gy, 


or ve cy v) 
m 1 


_ 4| -O , 82,92 80] 1 
m | JIOR 5R R 4R | 4ne, 


=| Qq ET Ans. 


2ngymR 5410 


15. (a) E= a 


(R? E xy? ? 


3,3 


(R? x? Lx 0 + x2)? x) 


or E 
2 2 
or dE= Q E zi E 


3 52 
IAE| - -2 Lx a E Ans. 


Ame, | (R? + x2y? 


Here, Ax = 2a 


a| R?-2x? 
^F = jgAE|- £2 l | 


One, | (R? + x°)? 
(b) W -U, -U, 
— — pE cos 180? + pE cos 0°= 2pE 
1 Ox 
= 2(q)(2a) | ——— ————Á— 
«X ps (R? + EM 


aqQx 


= Ans. 
TE (R? + xy 


16. From conservation of mechanical energy and 
conservation of angular momentum about point O, 
we have 

Vi 


17. 


and mvr, sin 90° = mvn sin 90? 
Or vi = Voy ...(il) 


Solving these two equations, we have 


ssl. m -— 
à 2n£ymn (ry +n) 
and LX a v Ans. 
2negnn (r + n) 


Let q; : q; and q; be the respective charges. Then, 


Q» |ds 
T3104 [4 ; qd» ; q | 
ip? |1 2 4] 
p- 2x19 |2 , 2, 2 
10? |2 2 4 
md p- [a | & | 4] 
107 [4 4 4] 
Solving these equations, we get 
q 2 = x 10°? C, q, = - 200 x 10 Cand 
qs = = x10? C 


(a) Atr 2 1.25 cm 


[(200/0) x10"? 200x109" | 
y 9x10 1.25 2 
10? „ 2009) x e 
L 4 
=6V Ans. 
(b) Potential at r = 2.5 cm 
[ (200/9) x10? 200x10" | 
y 9x10 2.5 25 
10? ,, 92009) x io? 
L 4 
=16 V Ans. 


(c) Electric field at r = 1.25 cm will be due to 
charge q, only. 
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He 
ANE, 7? 
_ 9x10? x (200/9) x 10? 
(L25 x 102y? 
=1.28 x10? Vin Ans. 


18. (a) Ej, =2F cos0 


B = 2 (Here k= : ) 
QE +P SRH 4n€, 


We can generalised the force by putting x) = x, 
we have 


F=- 2kQqx Ans. 


(R242)? 
(b) Motion of bead will be periodic between 
x=+ Xp Ans. 


(c) For - << 1, R? + x? = R? 


or r--(220. or an 2 -- (01), 


3 m mR? 
Since a œ — x, motion will be simple harmonic 
in nature. 
; : 2k 
Comparing with a = — ox, = Od 
mR 


X = xq cos Qf (as the particle starts from 
extreme position) 


d. : 

v= =-@ x sin ot Ans. 
dt 
(d) Velocity will become zero at t = T/2 = t/a 
v=0 v=0 
E ————————áÀ 
X-2—Xp X- Xp 

3 
or t= mE Ans. 

2kOq 
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19. Net charge between r = ato r = r would be 
9 - [paar dr=[" © (any?) dr 
a ar 
Q -2nC(r - a’) 
p -O+ k[2xC (? - à?) + q] 
E 


r 2. 
y r 


From this expression, we can see that it we put 
zag 
2na? 


by 
Il 


ki 
ucl — constant Ans. 
a 


20. dF = A(Rd0)E, 


Perpendicular distance between two equal and 
opposite pairs of dF will be 


r, =2R sin® 

dt = dFr, = 2AR?E, sin 0d0 
1/2 2 r 

t= fe t = 2AR Ep (clockwise) 

These pairs of forces will not provide net force. 


Let force of friction on ring is f in forward 
direction. 
For pure rolling to take place, 


a=Ra 
or f ni 
m mR 
t 
or Lae 
or f= -ARE, Ans. 


21. Two forces will act on the tank. 
(a) Electrostatic force, 
(b) Thrust force. 
Let v be the velocity at any instant. Then, 
Fiet = QE — mnv 


or (m+ mnt) — = QE — mnv 
t 


v dv t dt 
o f =| 
9QE—mnv “0m, + mnt 


o QE — dn | "o + mnt 
QE — mnv mo 


E mg + mnt 
Or 9 Eo 
QE — mnv Mo 
t 
or v = QE | ———— Ans. 
Mg + mnt 


22. gE =30N, vertical component of electric force 
= 30 sin 30° = 15 N and horizontal component of 
electric force = 30 cos 30° = 154/3 N 
mg 15 30-15 
a= m 
: 3 


= 5 m/s? (downwards) 
m 


a = 15V3 5 8 mi? 


s: 3 

ql PN OSROD Lu 
d, 3 

T,=eT,=2s 


Horizontal velocity after first drop 
= (20 cos 30°) + a, Tı 
= (10/3) + (5V3)4 
= 3043 m/s 


Horizontal distance travelled between first drop 
and second drop 


= G/3)r, + za? 


= (3043)(2) + i (SJ3)Qy 


27043 m Ans. 


Capacitors 


Cd 
INTRODUCTORY EXERCISE A= E 
0 
1 g 
1. U=- 2 =4 
IC (c) o 4 
[2l F atm] s 
[cj=|4 =| — ay 3. (a) pain 
U ML’ T E  250x10 
-[M" E? TfA?] =1.28 
2. Charge does not flow if their potentials are same. (b) 6; = 6$ ( — x) 
3. qı - CV, =10 uC K 
1 
GQ = Cy, =- 40 uC = Ge (17x. 
Ey =s  -34Pe. ao volt : D 1 
Crotal 3 UF = (3.20 x 10°) (8.86 x 10° ^) NC 
b) qí 2 C,V and q; 2 CV l 
a e Ls 262x107 C/m? 
(c) AU 2 — 12 (s - VY 
2(C, + C5) 
INTRODUCTORY EXERCISE 
INTRODUCTORY EXERCISE . Cop =2UF, g=CV 22x15 2 300€ 
1. g=CV Now, this q will be distributed between 4 uF and 
q 2 UF in direct ratio of their capacities. 
2. (a) Vest 
C » Crt = 3 HF, q =CV =3 x 40 =120 uC. 
(b) C = £gA4 Now, this q will be distributed between 9 uF and 
d 3 uF in the direct ratio of their capacities. 
Exercises 
LEVEL 1 5. Charges are same, if initially the capacitors are 
: harged. 
Assertion and Reason ps ; 
1. Capacitance of conductor depends on the Further, Fe C 
dimension of the conductor and the medium in 1 
which this conductor is kept. Hence, Vix C 
3. Energy supplied by the battery is ifq is same. 


AqV = (CVV) 2 CV?. 
Energy stored in the capacitor is sc p^ 


4. In graph-1, discharging is slow. 
Hence, t; > tc, 
Further, 
Tc =CR 
TOR (as C =constant) 


. Charge (or current) will not flow in the circuit as 


they have already the same potential, which is a 
condition of parallel grouping. 
Further, 

q C) C; 1 

h CW C, 2 


. Capacitor and R, are short-circuited. Hence, 


current through R, is zero and capacitor is not 
charged. 
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8. Capacitor and resistance in its own wire are 


10. 


directly connected with the battery. Hence, time 
constant during charging is CR. 
2 
1 . ; ; 
mE or U œ — as qis same in capacitors 
2C C 


(if initially they are uncharged) 
By inserting dielectric slab, value of C, will 


increase. In series, potential difference distributes 
in inverse ratio of capacitance. If capacitance C, is 
increased PD across C, will decrease. If C, is 
increased, charge on capacitors will also increase. 
So, positive charge or current flows in clockwise 
direction. 


Objective Questions 


1. 


Nor ur 


[o] q . 
F=qE= = will not change. 
? [=] os) : 


F = constant 


= (4m€) a) + (4T£9b) 
= 4n1£, (a+ b) 

Via =V + Voc... (in series) 
=V +F +... 
=nV 

. Va =V5=6V 
q; =CV =30uC 
3x2 
t= [25] x6= 724c 
20 
h 72 
Ao 


60V 30V 
xcu 
15V 
gE = mg 
2)" Gr?) 
q d 3 g 
3 
Vo 
q 
+0 -o 
——— Oo 
i = E--— =constant 
E=0 |—> | E=0 Eo 
— 
Eo 


9. Att = 0, when capacitor is under charged, 


11. 


12. 


13. 


equivalent resistance of capacitor = 0 


In this case, 6 Q and 3 Q are parallel 
(equivalent =2 Q) 
Re 0+2 9=3Q 


12 
Current from battery = E =4A 


= Current through 1 Q resistor 


. Final potential difference = E 


Final charge = EC 
i4 a,b 


E: 
i , 
V, Fu aS 
M : 
i, R= (i) 
GR) (R) 
Rs =R+———— 
QR + R) 
4 


"eis 
~ QGIA)JR. \IR 


Substituting in Eq. (1), we have 


Jeje 
4J 7R 
E=14V 
All capacitors have equal capacitance. Hence, 


equal potential drop (= 2.5 V) will take place 
across all capacitors. 


Vy- Vg =2.5V 
0-V,-2.V 
Vg =-2.5V 
Further, Vy -Vy =3 (2.5) V 
=7.5V 
T. Va--7T5N (as Vy — 0) 
q-CV =200uC 


In parallel, the common potential is given by 


14. 


15. 


16. 


17. 


19. 


_ Total charge 
Total capacity 


P =R= (ge "F R 
= (iR) e” 
= Pe t2) 


Hence, the time constant is 7 


Common potential in parallel grouping 
_ Total charge 


~ Total capacity 
EC E 
(2c 2 

9 


V,-6-3x2«r-3x3-V, 


V,—Vg 12V 
In steady state condition, current flows from 


outermost loop. 
i =15A 
Now, Vo=Veq =iR 
=15x6=9V 
q=CVe =18 uC 


Horizontal range, 
2u, X u, 


g 


2 
UM 
Maximum height, H = T =d 


Dividing Eq. (ii) by Eq. (i), we have 


Gq 


or — = 
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20. V -Ed- [=a 


2£9 
_ 2004C — 128. 
(2+ 2)uF pc 
Heat loss =U; -U, E (8.86 x 10- !) (5) 
- (2 x 1075) (100)? — 1 (4 x 1076) (50) 1077 
2 : 2 = 0.88 x 10 7m 
COEM M = 0.88 mm 
=5mJ 


21. Three capacitors (consisting of two loops are 
short-circuited). 


22. The equivalent circuit is as shown below. 


1uF 
1uF 
| 
o— o 
X 1 uF Y 
| 
2 uF 


23. C=C Cig 
_ K, €,(A/2) , K&q(A/2) 


d d 
= K, + Ky)= ae 
fee £94 
? d — d/2 — d/2 4 did + aie 
1 2 
_ eA, KK, 
-24 iL 
_ 12 &4 
(5d 
zo 3 
A "oM 


24. A balanced Wheatstone bridge is parallel with C. 


«it 25. First three circuits are balanced Wheatstone bridge 


circuits. 
26. C=C ns + Cine 
_ Keo (4/2) | £ (4/2) 
d d-dmcuhe d LH 
K, K, 
Syl Ki. KK, | 


d |2 "KEK, 


664 ° Electricity and Magnetism 


_ € A 
d 
The equivalent circuit is as shown in figure. 


C =7ŅuF 


=11uF 


Subjective Questions 
1. Charge on outermost surfaces 
Loa _ (10 — 4) uC 
2 2 
=3uC 
Hence, charges are as shown below. 


3uC 7uC 8 -7uC 3uC 


2. Charge on outermost surfaces 
-toa _ 29-39__ 4 
2 2 2 


Hence, charge on different faces are as shown 
below. 


2.5q 


4 
2 


wo 


-2.5q 


Electric field and hence potential difference 
between the two plates is due to + 2.5 q. 
PD = Ed 


E] 


Capacitance, C — d 


3. All three capacitors are in parallel with the battery. 


PD across each of them is 10 V. So, apply q = CV 
for all of them. 


4. Capacitor and resistor both are in parallel with the 


battery. PD across capacitor is 10 V. Now, apply 
q-CV. 
5. In steady state, current flows in lower loop of the 
circuit. 
30 


i- =3A 
6+4 


Now, potential difference across capacitor = 
potential difference across 4 Q resistance. 


=iR 
= (3) (4) =12 V 
q=CV = (2 uF) (12 V) 
=24 uC 
6. (a) Ca = -iyr 
Gat, 3 
Inet = Co V. 


= G ar) (1200 V) 


= 800 uC 
In series, q remains same. 
qı = 4; = 800 uC 


and y,- 2. = 400 V 


(b) Now, total charge will become 1600 uC. This 
will now distribute in direct ratio of capacity. 
8.61.1 


h Cy 2 


1 1600 
=| —| (1600) =—— uc 
qı (i) ) 3 u 


2 3200 
eem) 


They will have a common potential (in 
parallel) given by 
_ Total charge 


. Total capacity 


10. 


11. 


. iziye 


. Charge, q = CV -10* uC 


In parallel, common potential is given by 
_ Total charge 


. Total capacity 
(10° uC) 

4€ +100) nC 
Solving this equation, we get 
C = 400 uF 


. Charge supplied by the battery, 


q-CV 
Energy supplied by the battery, 
E 2qV 2 CV? 
Energy stored in the capacitor, 
U -loy? 
2 
Energy dissipated across R in the form of heat 
1 
=E-U=—CV’ =U 
2 
—thte 
io 


Putting i= 7’ we get 


t = (In 2) Te = (0.693) te 


Both capacitors have equal capacitance. Hence, 


half-half charge distribute over both the capacitors. 


q 
hha 


qı decreases exponentially from qọ to T while q; 


increases exponentially from 0 to 2. 


Corresponding graphs and equation are given in 
the answer. 


Time constant of two exponential equations 
will be 


T= (Chet) 
Re (2) gott 
2 2 
di =% 
qy- EC 


Now, charge on capacitor changes from q; to q 
exponentially. 


12. 


13. 


14. 
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q=% + (EC -q) 0 - e "*€) 
-EC (1- & "* €) que "c 


Here, Tto = CR 
(a) Immediately after the switch is closed whole 
current passes through C4. 
a i=E/R, 
(b) Long after switch is closed no current will pass 
through C, and C}. 
E 


iz 
R, + R, 


(a) At t 2 0 equivalent resistance of capacitor is 
zero. R, and R, are in parallel across the battery 
PD across each is E. 
ip, = E/R; 
ig, = E/R, 
(b) In steady state, no current flow through 
capacitor wire. PD across R} is Æ. 
ip, = E/R, and 
(c) In steady state, potential difference across 
capacitor is E. 


ig; = 9 


U-lcpizlggi 
2 2 


(d) When switch is opened, capacitor is discharged 
through resistors A, and R}. 


te= CRret 
=C (R,+ R) 
(a) Simple circuit is as shown below. 


=E 


A B 


(b) The simple circuit is as shown below. 


an 
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(c) Let Cyg =x. Then, 


ux 
cap 


2 
Now, C p=C+ COW 
i 2C +x 
or x=C+ zr 
2C +x 
Solving this equation, we get 
x=2C 


15. (a) V = 660 V across each capacitor 
Now, q=CV for both 
(b) qu. 7 41 + d 
- (3.96 - 2.64) x10 C 
=1.32x 107°C 
Now, common potential 
_ Totalcharge _13.2x107° 
10x107 


Total capacity 


=132 V 
Now, apply q= CV for both capacitors. 


16. u=- £ E? 


17. d= 


-4C __ (Va) (C) 
K £o (K) Eog) (€o) 


18. 01-2 €, +C) 2? i 


sie =t Ce. Qy 
21 C, 4C. 


G 


Solving these two equations, we can find C, 
and C}. 


q 10V q 


19. 


q shown in figure is in UC. 


y= ri- 


Now, 
2 


20. 
21. 


22. 


23. 


24. 


25. 


or V, -Vp =% -10=5 


q=10 uC 


Now, V = = across each capacitor. 


See the answer. 


In series, potential difference distributes in inverse 
ratio of capacitance. 


V, Cg C, 600 3 
V; C, C, 40 2 
C,=1.5C, (1) 
Now, Va Ge 
Vg C4 
or Hl. m 
90 (C,+2) 
or C,+2=9C, .. (it) 
Solving Eqs. (1) and (ii), we get 
C, = 0.16 uF 
and C, = 0.24 uF 
(a) q=CV 
wc = 5e or C ae 


If d is doubled, C will remain half. Hence, q 
will also remain half. 


np (804), £y (ARE 
(c) q CV (=) d 


or qœ R? 


R is doubled. Hence, q will become four times 
or 480 uC. 


1 
Energy lost = energy stored = rud y? 


E,A 
a)C 2-9— 
(a) 4 
(b) g=CV 
V 
ce)E-— 
(c) i 
(a) _ il ; 1 à 1 
Crt 84 82 42 
Cret = 2-09 UF 
qnet = Cnet 
= (2.09) (36) 


= 75.14 uC = 76 uC 
In series, charge remains same in all 
capacitors. 


26. 


27. 


y? 


net 


1 
(b) U total = 2 C 


(c) otal zm (3) (76) Hu C = 288 uC 
Now common potential in parallel, 
228 uC 
(8.4 + 8.2 + 4.2) uF 


V= diotal _ 
Crotal 


1 
(d) U total = 5 Cnet y? 


|= 
ad SuF _ 


5V7 G6yF = % 2uF = %3 4pF 0 
a? 
I 
o e 
Q4- 93 Q4- 93 


If we see the charge on positive plate of 6 UF 
capacitor, then 

h=- qd — (44 - d) 4) 
Now, applying three loop equations, we have 


5-4 $ 9 ...(ii) 
6 

10-2 8 29 ...(iii) 
6 2 

d3 da : 

-+-—=0 sey 

2 4 (v) 


Solving these four equations, we can find q1, q, 4 
and q4. 


(a) Simple series and parallel grouping of 
capacitors. 
(b) net E C V 


net 


= (2.5 x 10-5) (220) 
-55x10 *C 


C,, C; and equivalent of other three capacitors 
are in series. Hence, charges across them are 
same. 


— Cg, 


4.2uF =C, 
2.1uF 


Qj. Will distribute between C, and C,, in 
direct ratio of capacitance. 
d 42 2 


q4 21 1 


Q == (589*10 237x106 


28. 


29. 


30. 
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da -165 x 10° ^2 18x10 *C 


For finding PD across any capacitor, use the 

equation 

c= 
V 

In series, potential difference distributes in inverse 

ratio of capacitance. 


je G 130 C, 
ys: Ĝi 100 C, 
C; 
Or C,2—zC 
d C. 


K is made 2.5 times. Therefore, C, will also 
become 2.5 times. 


3.5 
C1225C,-7 C; 
1.3 
pr 35 
or =— 
C, 13 
Nux iE 
yL Ci 25 
13 
or y; = (230) = 78.68 V 
13 4 25 
Vg —230— Vj =151.32 V 
2x3 
Ca = =1.2uF 
37713 u 


diotal = CV = 110 uC 
Common potential in parallel is given by 
Total charge 


~ Total capacity 
|. 110 
14+ 1.2 
d; = (Co3)V = 60 uC 
So, this much charge flows through the switch. 


-50V 


(a) Simple circuit is as shown below. 


= 4 uF 
2uF = . |  zC€-2uF 
C3 4uF 
20V 7 
3 uF C4 = 3pF 
= 6uF, V, 


=> 
= 6uF, V; 
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(b) dret = (Cnet V = 34 UF) Q0V) = 60 uC 32. doa =O 
(c) Upper network and lower network both have 
same capacitance = 6 UF 


y,-V, sin 
2 


After switch is thrown towards right, C5 and C, 
are in parallel. The common potential is 


_ Totalcharge _ Cio 
Vo, =10V Total capacity Ca C,C; 
z^ qc, = (Ci) (/3) = 304€ i C, + C; 
(d) Vc, =10V, ~. qe, =(C2)Vc,) = 20 WC 3 
(e) Vo, =5V, = do, = (C3)(Ve, = 20 uC Now, dq =CV = Cako 
C C3 C, es | 
|| | GrG 
This is the same result as given in the answer. 
31. (a) C; C, 
| | || dc, = dc, = Cx 
ee. V omm l 
|! -() (E 
12V ei) | a des 
1x3 3 
= => E _ (£4 
B-TL 1" 33. (a) q- c, - (Ev 
pua us y -1 - G0AV Id) _, 
2+4 3 f C, (€4/2d) 
Vac, - Voc, -12V 
1C3 2 C4 4 (b) y, - c.t i 8e 
4 74 = (C1) Vee) = 1 X12 = 98€ 2 d 
1 1 (£4 
4 ae gs | 8 2 
47 4 = (Cu) 05,5) = 7 X12 = 16 NC Ufa 02-5 í 2d QV) 
£A). > 
Iz l! -(*4} 
1 C3 d 
(b C C (OW =U, -U, =1 |4] ys 
2 4 f i 
7 <= i 2\ d 
1 | : 34. (a) d long time, capacitor gets fully charged 
I y Ay. 
12V A i 20 
E 
and ip — iy ———À— 
TEE BUR REA 
* | 20 
ML. 20 x 10° 
3+4 7 3 
; =10 7 A=1 mA 
12 18 
Fia bs um (b) In steady state (with £). 
Eua. 23 T 
Vo sys Vs 
n- (3) (12) = 8.64 V 2É gy 
25 2 
V,=12— 8.64 = 3.36 V Now, when the switch is shifted to position B, 
Now, we can apply q = CV for finding charge on capacitor (at t = 0) behaves like a battery of 


different capacitors. 10 V. 


The circuit in that case is as shown below. 


Now, with the help of Kirchhoff's laws we can 
find different currents. Final currents are 
shown in the diagram. 


35. (a) V, 218 Vand V, = Qas no current flow through 
the resistors. 
EA V,-V, =10V 
(b) V, -V, =+ ve. 
Hence, V, > V, 
(c) Current flows through two resistors, 
po aA 
643 
^ V, -0-iR-2x3 
or V, 26V 
(d) Initially, V3yp =Voyp =18V 


ur = 54 uC (q=CV) 
and dur = 108 uC 
Finally, 

Four =Veo =iR 

=2x6=12V 

dur = T2UC 

Vur =V39= 6V 

Bur =18 uc 
Aq = qr — qi = — 36 UC on both capacitors. 


36. (a) In resistors (in series) potential drops in direct 
ratio of resistance and in capacitors (in series) 
potential drops in inverse ratio of capacitance. 


6 
18-V, = ES (18) 


V,=6V 
3 
18- V, 2| —— | as 
á i ) 
V, =12 V 
.. (18-0 
(c) Vus nia cite 


643 
V,-0=6V 
V,=6V 


| (3)=6V 
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(d) Initially, 


q= CrV = (2 UF) (18) 
= 36uC 
Finally, 


+ 

q Jv 
=p 
+|r 

Qd» = fev 


q = 28€ 
d; -18uC 
Charge flow from S = (Final charge on plates p 
and r) — (Initial charges on plates p and r) 
=(— 724 18) - (- 36 + 36) 
=— 54 uC 
37. (a) In steady state, 


*. Steady state charge, 
CV 
y= he 
For equivalent value of tT; : We short circuit 
the battery and find the value of Ret across 


capacitors and then 


R R 
R 
3R 
Reet = E 
3RC 
I = =C 
Now, q= (1- e "*€) 
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(b) At t = 0, capacitor offers zero resistance. 


3R 
Rnet sl E 
oV XN 
! 3R/2 3R 
S d sy 
lc = lag = 2 3R 
Att =œ, capacitor offers infinite resistance. So, 
ic = 0. 
V 


lattery = Lp asd 2R 
Now, current through AB increases exponentially 


V Vo. : 
from — to — with same time constant. 
3R 2R 


(i-t) graph is as shown below. 


(i - t) equation corresponding to this graph is 


T 
3R 6R 


LEVEL 2 
Single Correct Option 


+0 +30 


2&) 2€9 € 
| 30 0 O 


LSe a 
2£9 2€) Ep 


E, and E, are in the negative direction and £; in 
positive direction. 


2. Let E be the external field (toward right). Then, 


o R 
E- — =$ Sell 
= (i) 
pe eis ...(ii) 
2£o 


Solving these equations, we get o = 4€) 


3. Att 2 0 when capacitors are initially uncharged, 


their equivalent resistance is zero. Hence, whole 
current passes through these capacitors. 
4. Changing current is given by 
pedg^ e 
V. 
or oe t/CR 


If we have take log on both sides, we have 


In (i) = In =) — (x) t 
R CR 
Hence, In (7) versus t graph is a straight line with 


1 : V 
slope (- — | and intercept + In (4) 
CR R 


Intercepts are same, but |slope|, > |slope|. 

5. During charging of a capacitor 5096 of the energy 
supplied by the battery is lost and only 50% is 
stored. 

1g _ 1 (EC/2F EC 

2C 2 C 8 

Now, this total loss is in direct ratio r: 2ror1:2 


2 
Energy lost in battery is - rd of — 


Total energy lost = 


6. Equal and opposite charges should transfer from 
two terminals of a battery. For charging of a 
capacitor, it should lie on a closed loop. 


; LE - E 
RR, 


Now, V, 


a 


-E+ Ey iR =V, 
V, - V, 2 (E — E) - iR, 


[ R 
-E-i -zi 
0 

| R(E- E) 
© R+Ry 

CR(E-E 

g=C V, - v) - ZE- 
0 


8. Initially 
2 (Co) Co) _ Co 


net 


GiG 3 
=0.5C, 
Finally 
_ (Co/2) CCo) 
(OSD + 20; 
=0.4 Co 
9. The simple circuit is as shown below. 
C 
= v R 
R 
Raet = 3 
R 
T= CRnet = E 


q-q 0-66), 
where, gy = CV 
10. Common potential in parallel grouping, 
_ Total charge 
~ Total capacity 
| (2x 100) + (4 x 50) 
2+4 


Loss =U; -Uş 


= 10| ($x 2100% 100+ 1x4 soo] 


( 1 200 700) ] 
x6x x 
2 3 3 
212x107] 
11. V, = iR = (10) (10) 2100 V 
After 2 s, current becomes qud. Therefore, after 


1 s, current will remain half also called half-life. 
ty = (In 2) te = (In 2) CR 
C= (42) | 1 
(In 2)R 101n2 


Total heat = i C Ve 
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500 
udi 
In 2 
12. Net capacitance between points 4 and P will be 


equal to the net capacitance between points P 
and B. 


13. Total charge 2 (2C) (AV) - CV 
= 7CV 


Common potential after they are connected is 
Total charge 


^ Total capacitance 
TCV -T y 


“+C 3 
Heat =U; -Up 

(er d 5 

= CV? + —(2C) (4V 

5 zí ) aV) 


14. Total heat produced = Ta y? 


.1 2 
E (2 UF) (5) 


= 25 W 
Now, this should distribute in inverse ratio of 
resistors, as they are in parallel. 


Hio _R 
He 5 
Or Hio -( R | (Total heat) 
RES 
or o- (25) 
R+5 


Solving this equation, we get 
r=(£)o 
3 


15. In position-1, initial maximum current is 
V 1l 
i=—= M. 2A 

R 5 
At the given time, given current is 1A or half of the 
above value. Hence, at this is instant capacitor is 
also charged to half of the final value of 5 V. 
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Now, it is shifted to position-2 wherein steady 22 VY L5 
state it is again charged to 5V but with opposite . us d 
polarity. L5 
1 2 E : 
U, -U,-3CV* ( Y 25V) d "n m ] Pu 
Total energy supplied by the lower battery is -18V 
converted into heat. But double charge transfer Vs E 0.5 = 1 
(from the normal) takes place from this Vos. 25 5 
battery. i 
Heat produced = Energy supplied by the i Vas = [4] (30) 
battery 1+ 5 
= (Aq. = QCV)(V) = 2CV? =5V 
=2x2x10°x (5)? Now, = Vagl=V1 — V2.5 
= 100 x 10757 =e 
- 1004 23. In the figure, 
16. Equivalent capacitance of 6 uF and 3 uF is also "BV 
2 uF and charge across it is also q or circuit is 
balanced. Hence, there is no flow of charge. 
17. Two capacitors are in parallel. 60 mF £ qı 
1 
U => CrV 
; V (let) 
= Qcy? =C? G y 30 uF 
i (54v: Pe pF as 
d +2V +3V 
18. Initially, the rate of charging is fast. q 4449-0 
19. Vig =5+2=7V 60 (V —6)+ 20(V 2) - 30(V -3)=0 
RE Hm Solving this equation, we get 
ig =—=7A 
R 49 
y =— 
Vour =6V 11 
hyr =CV =12uC 
20. During charging capacitor and resistance of its A 3uF al oC 
wire are independently connected with the battery. H L— 
Hence, 24. 3puF 2uF 
to 2 CR | 
During discharging capacitor is discharged through THE 
both resistors (in series). Hence, l 
=C (2R) = 2CR 
To =C (2R)=2C. 10V 
21. Total charge = 3 x 100 — 1 x 100 = 200 uC 
Common potential (in parallel) after S is closed, is Vag —C)pc 3 ! 
_ Total charge Veco (C)g 6 2 
LI i 
Total capacity H T (10) V 
. 200 uC 1+2 
| 4uF 10 
Hu sty 


=50 V 3 


25. Applying Kirchhoff's loop law in outermost loop, 


we have 
3 UF 
> HE > 
A Y q Y 
18V T. $40 15M 
$10 $50 i2 
A Y A Y 
— 
3A 2uF 2.5A 
1415-2x325—2-—3x14- 1820 
3 2 
Solving this equation, we get 
q=30uC 
26. x. - CR-6s 
qo =CV =10uC 
Now, q-qe "c = (10 uC) e P$ 
D? 
-() (10 WC) 
e 


= (0.37. (10 uC) 
27. q- (E, + Ey) Cost 


= (E, + E) ei 
C; C, 
E +E 
Vp =2= ara C, 
C; (C+C, 


28. H, =H, -U; -U, 


The only change is by increasing the resistance tc 
increase. Hence, process of redistribution of 
charge slows down. 


29. Just after the switch is closed C, is short-circuited 
and current passes through R, and C, only. 


t 
30. i -( NS 
2R 
t 

V In 

i -|—|e C 
? s) 
ES 
i, e$ R 

i 2 


We can see that this ratio is increasing with time. 


31. «, - CR 
7 (E) (5) (s -1 
d AO oA 
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_ Keo 
oO 
_ 5x 8.86 x10? 
^ 74x10? 
=6s 
32. The given time is the half-life time of the 
exponentially decreasing equation. 
t = ty> = (In 2) Te = (In 2 CR 
t 
(In 2)C 
2 (In 2) us 
© (In2) (0.5 uF) 


Resistance of ammeter = 2Q 


net ^ 


33. Four capacitors are in parallel charge across each 
is q = CV. Two surfaces of plate C marks two 
capacitors, one with B and other with D and C is 
connected to positive terminal of the battery. 
Hence, 


qe = 2CV =+ 40uC 


1 2 3 4 
34. 


_ » Gora CV -CV+Q_ 0 
di = d4 2 2 2 
a0 «cn-2-(£«cr) 


& 77 --(£ cr) 


Electric field between two plates and hence the 
potential difference is due to q, and q; only. 


pp2£-2y, 2 
C 2C 


More than One Correct Options 


1 2 3 4 
1. Q Q Q Q 
2 2 2 2 
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E; =E + E, (towards left) 
Q _ Q 
4Ae, 4AE, 24A€£, 


= (towards right) 


Ey = E, + E, (towards right) 
28.402 2 
4A€) 44£9 2489 


2. In steady state, 
qc = EC and qc = 2EC 
tc = 2CR of both circuits 
At time f, 
Gc = EC (1- e") 
Qc = 2EC (l-e 76) 


4c 1 
dc 2 


3. In steady state, current through capacitor wire is 
zero. Current flows through 200 Q, 900 Q and A). 


04 4 x10? 
C C 100x105 
-40V 


This is also potential drop across 900 Q resistance 
and 100 Q ammeter A, (Total resistance 

= 1000 Q). Now, this 1000 Q and 200 Q are in 
series. Therefore, 


y. =y. _ Vioooo 
2= "2009 = 


_40_ 
5 
Emf =Viq999 + Voo0q = 48 V 


e Emf 
Net resistance 
48 1 


~ 1200 25 


4. Current through 4 is the main current passing 
through the battery. So, this current is more than 
the current passing through B. Hence, during 
charging more heat is produced in A. 


8V 


In steady state, 
ic =0 
and i, = ip 


Hence, heat is produced at the same rate in A 
and B. 


Further, in steady state 


q remains unchanged. Hence, F remains 
unchanged. 
o 
funt." 
Ey AE, 


q remains unchanged. Hence, E also remains 


unchanged. 
2: 


223. or ium 
2C 


C will decrease. Hence, U will increase. 
V=Ed or Ved 
d is increasing. Hence, V will increase. 


6. C; - (C) QC) = 26 
C+2C 3 
2 
qi ca cad 
C, =2C 
qs = 2EC 
Aq = 47 — dj 
= 0E 
3 


7. Let (+ q) uC charge flows in the closed loop in 


clockwise direction. Then, final charges on 
different capacitors are as shown in figure. 


(300-q) (360-q) 


Now, applying Kirchhoff's loop law 
360-4 , 300-q gq 
3 2 15 
Solving the above equation, we get 
q=180uC 
8. Ifthe battery is disconnected, then q = constant 


£4 or Ca 


C= 


d is decreased. Hence, C will increase. 
1g 1 
U=- o Uwe 
C 


C is increasing. Hence, U will decrease. 
V= 4 or Vo ES 
C G 
C is increasing. Hence, V will decrease. 
9. (a) At t=0, emf of the circuit = PD across the 
capacitor — 6 V. 
i= e =2A 
14+ 2 
Half-life of the circuit 
= (In 2) Te (In 2) CR = (6 In 2) s. 
In half-life time, all values get halved. 
For example 


6 
Vc=-=3V 
TUM 
ja ed 
1 
Vig =iR=1V 
Pao = iR=2V 
1uF 4uF 9uF 
10. SIKH 
V V2 V3 
: 1 
In series, V œ c (as q = constant) 
Rl 
V, 4 
or fuss casu 
4 4 
LC 
y, 9 
ata y 
9 9 


Now, 


Comprehension Based Questions 


1. Finally, the capacitors are in parallel and total 
charge (= qq) distributes between them in direct 
ratio of capacity. 


I, = Ci qo in steady state. 
2 (Ci C5 


But this charge increases exponentially. 
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Hence, charge on C, at any time t is 
C) qo t/t 
=|—+~-/|(l-e""¢ 
dc, | €, «C; ( ) 
Initially, C, is uncharged so, whatever is the 
charge on C,, it is charge flown through switches. 


2. Common potential in steady state when they 
finally come in parallel is 
Total charge ^ qo 


Total capacity C,+C, 
Total heat dissipated =U; —U , 


2 4 2 
- TOER f | 


2C, C; * C, 
_{ a (€ 
2C, J AC, + C, 
3 Eg = By = 
d 
4. Eiclectric Zo 
K kd 
Match the Columns 
4x4 
1. (a) C= =2uF 
(a) C; 1:3 5h 
 , CC, 8x2 
TUQ RO 442 
=1.6uF 
q-CV 


Since, total capacity is decreasing. Hence, 
charge on both capacitors will decrease. 


q has become or 0.8 times but C is halved. 
Hence, U, will increase. 
q 
c) Vy == 
(c) V; C 


q has become 0.8 times and C is halved. 
Hence, V, will increase. 


(D E, = 2 or E, « V, 


2. (a) C; -2yF 
q; = 60uC 
C, = 6uF 
q; = 180 UC 


Aq from the battery = qs — q; =120 uC. 
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(b) Between 4 uF and 2 uF charge distributes 
indirect ratio of capacity. Hence, on 2 UF 


2 
d; Gu) uC) u 


2 
=| —— | 80) 60 uC 
4 Gu) yen 


Aq = Af — q; = 40 uC 
(c) On 3 uF, initial charge is 60 uF and final charge 
is zero. 
i Aq = 60 uC 
(d) On 4 uF 


4 
,2|——— | (60 uC) = 40 uC 
qi 5 Ji uc) u 


4 
- = | —— | (180 uC) = 120 uC 
qr = aK uC) p 


Aq = qs — q; = 80 uC 
3. (a) In second figure, Vc, =V =maximum 


Hence, qç, is maximum. 


(b) In first figure, Vo, = r 


In second figure, Vo, = V 


In third figure, Vo, = | - ) V= 4 


2C +C 3 
In fourth figure, Vo, = £ V = a 
? \C+2C 3 
Now, q = CV 
Hence, qc, is minimum in first and third 
figures. — 


(c) In second figure, Vo =V = maximum 
(d) Similar to option (b) 


4. After closing the switch, the common potential is 
parallel. 
_ Total charge CV V 


Totalcapacity 3C 3 
2 
1 " ] 
Use-c (=) =— Cy" 
18 


2 
1 KY 1. 
Uc == 2C)| >| ==cCV 


Loss of energy ZU; -U, 
2 
=ley2_1x3¢ «(Z) 
2 2 3 
1 


Sco 
3 


5. ee orm 
d 
C.= £9(4/2) ! K €)(A/2) 
i d d 
2 2 
€94 2€)A 
C,= 
d — d/24 He à =) 
K K 
-4E4_4 
3d 4 
NE 
C, 8 
Capacitors are in series. 
Hence, =h 
or Steg 
qd» 
2 
gal 
2C 
1 . 
or U œx — (as q is same) 
IRI. 
U, C, 9 
6. q =q = fes = 19 
4740-4 7-30 
$ 7-430 
d4,7-0-4--20 
qd,7-4,-*2Q 
% -20-4,-0 
q =-%=9 
Subjective Questions 


1. 


_ € A 
d 
(between two successive plates). 


C 


The effective capacity has to be found between V, 


and V}. 


-c COW) _5 o _ 5804 
2C+C 3 3d 
g =+ (CV, - V) € CV, - V4)] 
EVI y, Vo | _ 4£9AV, 
d 3] ad 


A 2V, 
d; - C(V, n-i J( 2 


C 


net 


_ 2€,AVo 

/— 8d 

Cis _ Vo 
C,+C, 14+C,C, 


2. V = net = 
(a) C 


net 


120 


- =80V 
14+ 4/8 


(b) U; = Zew = i x 8x 10° x (120) 
=5.76x107 J 
1 
U, -3€i pU 


=x 12 x 10$ x (80) 


23.84 x 10? J 


3. Let + q charge rotates in the loop in clockwise 
direction for achieving equilibrium state. In final 


steady state, charges on the capacitors will be as 
shown below 
(CV- q) 


(16CV- q) = (4CV- q) 
+ 


+] |- 
(9CV - q) 


Now, applying Kirchhoff's loop law we have 
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(= - 2) " ZZ - 2) 2 cx - 2) 
C 2C 3C 
R c - 2) = 
4C 


or q=48CV - cy 


Now; P= -=y =y P 
C 5 5 
E gm A 
2C 10 5 
Ee ee. ee yan 
3C 15 5 
Wee adc -Éy 
4C 5 
4. Att2 5ms,V 210 V 
jet cas Ans. 
R 4 


Further, g = CV = (300 x 10 $)(20007) = 0.6: 
ic = K = 0.6 A = constant Ans. 


5. Potential energy stored in the capacitor, 


U CY = 5 x 5x10% x (200)? = 0.1) 


During discharging this 0.1 J will distribute in 
direct ratio of resistance, 
400 
= —— x0.1 
400 + 500 
-444 x10? J 


= 44.4 mJ Ans. 


H 400 


32 6Q 


(a) Current in lower branch = E/8 = 3 A 
Current in upper branch = E/9 = 24/9 = 2.67 A 
(b) PD across the capacitor = E/2 — E/3 = E/6 


From q = CV, we have 16 = (aye 


E=24 V 
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(c) After short-circuiting the battery, we will have 
to find net resistance across capacitor to 


calculate equivalent value of tç in discharging. 


3Q and 6Q are in parallel. Similarly, 4 Q and 
4 Q are in parallel. They are then in series. 


a = 4Q, 
To = CR = (4 x 4) ps = 16 ps 
During discharging q = qe" *¢ 
or gelóg' 


Solving this equation, we get / 2 1l1us Ans. 


“Te 


110 V 110V 


Applying i law in two closed loops, we have 


h nh 
110- = + =0 or =(110C 
C E = ( ) 


and 110+ 2.42572 9 
2C C 
" z (=) 
qı Eg 
Potential difference between "ia M and N is 
qı = 
Vy -Vy =r 
= u volt Ans. 


. Let us first find charges on both capacitors before 
and after closing the switch. 


From 2, —q charge will flow, so that charge on 
right hand side plate of C, becomes zero. From 1, 
qh charge will flow. 


9. (i) Charge on capacitor A, before joining with an 


uncharged capacitor. 
2uF 
3| |4 
T — 


q2 


q4 = CV = (100)(3) uC = 300 uC 

Similarly, charge on capacitor B 

dg = (180)(2) uC = 360 uC 
Let q,, q; and q; be the charges on the three 
capacitors after joining them as shown in figure. 
(q1; q; and q; are in microcoulombs) 
From conservation of charge 
Net charge on plates 2 and 3 before joining = net 
charge after joining 
300 - q, + q sd) 
siata net charge on plates 4 and 5 before 
joining = net charge after joining 


— 360 =- q -Q 
or 360 = q + 43 ...(ii) 
Applying Kirchhoff's second law in closed loop 
qi = E^ + KEI =0 


3 2 2 
or 2g, — 3q + 39, =0 .. (iii) 
Solving Eqs. (i), (ii) and (iii), we get 
qı =90uC 
q = 210 uC 
and q = 150 uC 


(ii) (a) Electrostatic energy stored before 
completing the circuit, 


= i (3 x10 5)100» + i (2 x 10°°)(180)" 


(v = cv?) 
2 


-4/74x10?J or U,-474mJ 


(b) Electrostatic energy stored after completing 
the circuit, 


 l1(90x105? 1 (210x 10°) 


f 2 Gx105) 2 @x10% 
, 1 050x105? RE d 
*2 @xi0) | “2 c | 
-18x10?J or Up=18 mJ Ans. 


10. (a) In steady state, capacitors will be in parallel. 
Charge will distribute in direct ratio of their 
capacity. 


C, 
and =|] ay 
1 2 


Initial emf in the circuit is potential difference 
across capacitor C, or go/C}. 


Therefore, initial current would be 


hz qo/C, _ qo 
© R CR 
Current as function of time will be i = ige” "e 
Here, Te = C10? Ans 
C; * C, 
1 qi 1 k 
b) U, =- £ an => do 
2C 2C C; 
Heat lost in the resistor 
2 1 
-U;-U,- 30 C; Ans 
* 2 lac, +C) 
Ke,A \ ( pd 
11. « =c- - J ES 
C d A oP 
-12 
= 5 x 8.86 x 19 i 46s 
7.4 x10 * 
Initial current, 
pede ad d 999 oa doen 
R CR te 
Now, current as function of time i= ige” *¢ 
or i = (1.425)e "5 = 0.193 uA Ans. 
2 2 
12. west! y B LU 
x 2C 2g,4 
dU n 
o £2-— 
dx  2& A 
2 
dU = Q dx 
2£9A 
Q? 
(c) l | dx = dW = Fdx 
£4 
Q? 
2£9A 
(d) Because E between the plates is due to both 


the plates. 
While F = (Q) (field due to other plate) Ans. 
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13. (a) Let q be the charge on smaller sphere. Then, 


+1 uC 
Vime = 0 
EO. or g=-—I1uC 
K(2-1)x10% 
Now, Vouter = Asie 
ETSI A 
4 x10? 
-2225x10 V Ans. 
(b) Charge distribution is as shown in above 
figure. 
14. (a) Fig. (a) V, 30 V, q = 6 x 30 = 180 uC 
V3 = ELM 30V 
3 
qs = 30 x 3 = 90 uC Ans. 


Fig. (b) Capacitor 1 uF is short-circuited. 
Therefore, q, = 0. 


Vg = a x100=40V 
% \ 20+ 20+ 10 


This 40 V will distribute in inverse ratio of 
capacity. 


,==%40=10V 


V, =£ x40=30V 


% = 60 UC, q) = 60 uC Ans. 
(b) Fig. (a) When S is open, 6 uF is short-circuited 
or Vs =0,% =0 
and V3 = 90 V, q = 270 uC Ans. 
Fig. (b) When S is open, V, = 100 V 
qı = 100 uC 
Vas = 100 V 


f, s x 100=25V 
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and V; x100- 75V 


i q =150 uC, q) =150 uC 
Further, V, -0=7V, 


V,=V,=75V Ans. 
; CON 10 
15. Current in the circuit, i = ————— —— = 1A 
4*-1t243 
Now, Vsur =i 73V 
" d; = 15uC 
Further, Var = za =5 V 
: q, = 15 uC Ans. 


16. (a) At ¢=0, when capacitor is uncharged, its 
equivalent resistance is zero. 
6x3 


Ret = 4+ ae =6MQ 
18 x 10° 
or i= A=3 mA 
6x10 
This will distribute in inverse ratio of 
resistances. 
in = i =1mA and i; =2mA 
^ 6-43 


At t = co, when capacitor is completely 
charged, equivalent resistance of capacitor is 


infinite. 
18 x 10° 
B-0,-i-—— —  —-18mA Ans. 
(4 + 6) x10 
(b At 1-0, 
V, = LR, = (1 x 10°)(6 x 10°) v 
=6kV 
At t=, 
V> = bR, = (1.8 x 10°)(6 x 10°) V 
=10.8 kV Ans. 


(c) To find time constant of the circuit we will 
have to short-circuit the battery and find 
resistance across capacitor. In that case, R, and 
R, are in parallel and they are in series with R}. 


4x6 
+ 


Ra = 3+ Fo = 5.4 MO 
To = CR = (10 x 10°°)(5.4 x 10°) 
=545 


V,=6+ (10.8 - 6)0— &"€) 
=6+ 4.81- e) 
Here, V, is in kV and t is second. 
17. Circuit can be drawn as shown in figure. 


R3 C 
Rs 


R4 


In charging of capacitor, R; has no role. 

In steady state, potential difference across 

capacitor = potential difference across R, = E/2 

Therefore, steady state charge across capacitor 
CE 


qo 2 


To find time constant of circuit we will have to short 
circuit the battery, then we will find net resistance 


across capacitor. 


R CR 
R F > Te = CRnet 


Charge in the capacitor at time cond be 
t 
q- ql - ec) - CE 
2 
18. q, =20uC 
qı = 10 uC (as they are in parallel) 
Energy stored at this instant, 


—542 —5\2 
_ 1, a0 ) , 1, Qx10 ) 
2 10 2. 2x10" 
215x10^]J 


=0.15 mJ 


In charging of a capacitor 5096 of the energy is 
stored and rest 50% is dissipated in the form 
of heat. 


(l-e C) Ans. 


Therefore, 0.15 mJ will be dissipated in the form 
of heat across all the resistors. In series in direct 
ratio of resistance (H = i?Rt) and in parallel in 
inverse ratio of resistance. 

H, = 0.075 mJ, H, = 0.05 mJ 


and H; = 0.025 mJ Ans. 


19. (a) At t 2 0, capacitor is equivalent to a battery of 
E 


emf —. 
2 


Net emf of the circuit = E — E/2 = E/2 
Total resistance is R. 


Therefore, current in the circuit at t = 0 


would be 
E2 E 


R 2R 
(b) Let in steady state there is total q charge on C. 


Ans. 


Initial charge on C was CE/2 . Therefore, 
charge on 2C in steady state would be 


(g — a) with polarities as shown. This is 


because net charge on lower plate of C and of 
upper plate on 2C should remain constant. 
Applying loop law in the circuit in steady 
state, we have 
CE2 -4 _ 0 

2C 


Betas 
C 


Therefore, charge on C increases from q; = = 


5CE : 
tog, = Fa exponentially. 


Equivalent time constant would be 


val £X ig. 
C 2C 3 
Therefore, charge as function of time would be 
q74* (qj -q)) - ere) 


3t 
-E BE) eR 


1 
2 


20. 


21. 


22. 
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When S} is closed and S, open, capacitor will 
discharge. At time ¢ = RC , one time constant, 


charge will remain g, = B times of CV or 
e 


EE 
e 


qı 


When S, is open and S, closed, charge will 


. CV 
increase (or may decrease also) from — to CE 
e 


exponentially. Time constant for this would be 
(RC + R,C). Charge as function of time would be 


q=q; + (qs -q)0- e" c) 


rm cud (ce a etc) 
e e 


After total time 2R,C + RC or t = RC + R,C, one 
time constant in above equation, charge will 
remain 


-fah 


At t = 0, capacitor C, is like a battery of 


emf = 20 y 
0 


Net emf of the circuit 24 — 1 = 3 V 
Total resistance is R = 100 Q 


Initial current = 2 =0.03 A 
100 


This current will decrease exponentially to zero. 


i = 0.03 e” "c 
Here, Te = Coy R = (1 X 10%)(100) 
-10*s 
i= 0.03 61 Ans. 
From O to A 


Vo =at 
qc = CV. = Cat 


(a = constant) 
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i= dac =aC 
dt 
Vp — iR = aCR = constant 
From A onwards Vo = constant 


qc = constant 


= dac. = 
dt 
or V. =0 
Therefore, V, versus t graph is as shown in figure. 
Vn 
I 
I 
I 
i 
I 
o mi 


23. FromOtoA V =at 
Here, a isa positive constant. 
at= = +iR 


Differentiating w.r.t. time, we have 


EN 
C \ dt dt 
a 


aen A 
or —|R-a-— as i= 
dt G dt 
ie di z tdt 
0a—i/C OR 


O 


i.e. current in the circuit increases exponentially 
Vgy =iR =aCR (1- & €) 


or Vgp also increases exponentially. 


From A onwards When V = constant (say Vo) 
V, 
Vy-at or t= 
a 


Vep = aCR (1— e 0/2) 
After this Vp) will decrease exponentially. 
Hence, a rough graph is as shown in figure. 


VED 


| >t 
24. q; =CV,=100 uC, q, = CV, 2 — 50 uC 


Therefore, charge will vary from 100 uC to — 50 uC 
exponentially. 


q=- 50 + 150 e" "c, Here q is inuC 
To = CR = (10%)(5 x 10°) = 5 x 10? 
q=- 504+ 1502" *c 


V. Z2 50+ 1508" 7c) V 


or Ve =50 Be°™ —1) 
dq 150x10% ES 


je 


dt Te 
= x g 99 — 30 x 1932299 
x 
V, = iR = 1502? Ans. 


25. Att=0, equivalent resistance of an uncharged 


capacitor is zero and a charged capacitor is like 
a battery of emf = potential difference across 
the capacitor. 


(a) Vo =a/C, =2V 
. Net emf of the circuit = 9- 2 = 7 V 


or 9+2=11V 
30x60 , 


30+ 60 


Net resistance = 30 + 


Current at ¢ = 0 would be ip = = A 


or — A Ans. 


(b) In steady state, no current will flow through 
the circuit. C, will therefore be short-circuited, 
while PD across C, will be 9 V. 


Q,=0 and Q,=9uC Ans. 
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26. Time constant of the circuit is For £ 2 250 us 
To = CR = (0.5 x 105) (500) = 2.5 x 10% s i=- i{ "1e = 0.11 00: 
For ¢ < 250 us i= ine Te The (i - f) graph is as shown in figure. 
Here, — 14525 =0.04 A i (A) 
500 t 
E i = (0.04 64) amp os 
At t =250 us = 2.5 x 10“ s gdis S ! 
i 20.04 €! = 0.015 amp 12.5 - t(x 1074s) 
At this moment PD across the capacitor, -0Q.11--------- wo 
Vo -200-26!)212.64 V 


So when the switch is shifted to position 2, the 


current in the circuit is 0.015 A (clockwise) and 2T. Capacitor C, will discharge according to the 
PD across capacitor is 12.64 V equation, 
[2 0.015A q-qe "^c (i) 
Here, To —CQR 
500 Q and discharging current : 
- te 
20V — | RFT. i2 744 H unie _ d (i 
d m [264v d i CR (D 
| At the given instant i = ig 
< Therefore, from Eq. (ii) 
: qué "€ = iC, Rat this instant 
or charge C, at this instant will be 
š 500 Q q= (iC, R) [From Eq. (ii)] 
=> + 40V Now, this charge q will later on distribute in C, 
—_ + 
— 12.64 V and C3. 
= 2 
u, =L 
2C, 
» 2 
a um and coU e. 
As soon as the switch is shifted to position 2 ae, +C) f 
current will reverse its direction with maximum : m 
current. Heat generated in resistance, 
,, _ 40+ 12.64 H zU;-U, 
lo = 500 Substituting values of q : U; andU ;, we get 
= TRY 
-0.11A g- Vo € iC, Ans 


Now, it will decrease exponentially to zero. 2(C, + C3) 


Magnetics 


INTRODUCTORY EXERCISE 


qE = Bqv sin 0 
[E/ B] - [v] -ILT'] 
. From the property of cross product, F is always 
perpendicular to both v and B . 
. May be possible that 0 = 0° or 180? between v and 
B, so that E, = 0 
. F-q(vx B) 
Here, q has to be substituted with sign. 
. Apply Fleming's left hand rule. 


F = Bqvsin8 
F 
v= 
Bqsin 0 
4.6x10 P 


3.5 x 100? x 1.6 x 107? x sin 60° 
2947 x 105 m/s 


F = Bqvsin 90? 
20.8x2x16x107? x10? 
22.6x10 ^N 


INTRODUCTORY EXERCISE 


. Path C is undeviated. Therefore, it is of neutron's 
path. From Fleming's left hand rule magnetic force 
on positive charge will be leftwards and on 
negative charge is rightwards. Therefore, track D 
is of electron. Among A and B one is of proton and 
other of &-particle. 


Further, r= a or re = 
Bq q 
Since, (= > (2) 
d Ja d /p 
Ta > Tp 


or track B is of a-particle. 


J2km 


r= F or rec m ( k,q and B are same) 
q 


m, >m > Ņ%>k 


. The path will be a helix. Path is circle when it 
enters normal to the magnetic field. 


4. 


Magnetic force may be non-zero. Hence, 
acceleration due to magnetic force may be 
non-zero. 

Magnetic force is always perpendicular to 
velocity. Hence, its power is always zero or work 
done by magnetic force is always zero. Hence, it 
can be change the speed of charged particle. 


F =q (v x B) 
F is along position y-direction. q is negative and v 
is along positive x -direction. Therefore, B should 


be along positive z -direction. 
mv 


(a)r= Bq 
or rœ m as other factors are same. 
B 
) f-— 
21m 
or fe L 
m 
| 42q4Vm 
= Bg 
INTRODUCTORY EXERCISE 
1- ii 
Now, F-i(lxB) 


= i [(li) x (Boj + Bok)] 
= ilByü — j)=|F |= J2ilB, 


No, it will not change, as the new i component of 
Bis in the direction of I. 


i=3.5A 
1-2 C107j) 
Now, apply F = i (1 x B) in all parts. 
C 
A D 
Fico = Fup 


[Fre |= 2|F;p |= 2ilB 
=2x2x4x2=32N 


INTRODUCTORY EXERCISE 
A. 
L 2m 


-[.2 p.d. 
TEES (| jm 


- (4) (Emr?) @)= gR*o 
2m) \2 4 


M - iA - i(nR?) 


= (0.2) (x) (8 x 102» 
= (4.0 x 10°) A-m? 


Now, M =MM =(4.0x 10°) (0.6i — 0.8 j) 


(a) T=MXB 
(D U--M.B 


f= Spe 
2T 


M z iA =i (TR?) 


2 Fy) 
-om (4) -2 


Tmax = MB sin 90° 


max 


AU SU -U i80 


= — MB cos 0° + MBcos180? = — 2MB 


 iBD 


4T 


INTRODUCTORY EXERCISE 


. (a) From screw law, we can see that direction of 
magnetic field at centre of the square is inwards 


as the current is clockwise. 


p=a{ 2 J (sin a + sin B) 


AT r 
_4x107 x10 
i 0.2 
22.83 x10? T 


(sin 45? + sin 45°) 
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(b) 2xR = 4(0.4) 


2R a8 6 
T 
p. Ed Gn x 1077) (10) 
2R (1.6/7) 
=24.7x10°T 


. Magnetic field due to horizontal wire is zero. 


Magnetic field due to vertical is 


B 2 L (sin 90° + sin 0°) 
Tx 


=". (inwards) 


. Both straight and circular wires will produce 


magnetic fields inwards. 


pM i, Hol 
2n R 2R 
| .(Qx107) (7) , (4x x 1077)(7) 
0.1 ^ 2x01 
=5.8x10°T 


. Magnetic field at O due to two straight wires = 0 


Magnetic field due to circular wire, 
1 : 
B= a (due to whole circle) 
= 1 (Ee) (inwards) 
4\ 2R 
-1 Tx 107) (5) 
4 2 x 0.03 
2262410? T 


. Magnetic field at P due to straight wires = 0 


Due to circular wires one is outwards (of radius a) 
and other is inwards. 60? means pF th of whole 


circle. 
l[gg Boi] 
B=- = -= tward 
6| 20 25] anne 
INTRODUCTORY EXERCISE 
. Applying Ampere’s circuital law, 
Ho lin 
B; = = = 
^ m r 
2x10 7 05 
(010? 
=2x10*T 
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This is due to () current of 1 A. Hence, magnetic 
lines are circular and anti-clockwise. Hence, 
magnetic field is upwards. 


3. Using Ampere's circuital law over a circular loo 
g p 


of any radius less than the radius of the pipe, we 
can see that net current inside the loop is zero. 


_ Ho Ün Hence, magnetic field at every point inside the 
b Rr loop will be zero. 
| (2x107) (3-1) 
7 3x10? INTRODUCTORY EXERCISE 
" -4 
=1.33 x10" T 1. i=( k Jo 
This is due to net ® current. Hence, magnetic lines NBA 
are clockwise: l M (10-5) (90) 
So, magnetic field at B is downwards. NiA 100x10% x104 
e [Beal = Molinet) =90T 
Along path (a), net current enclosed by this path is 2 . k Jo 
rs 1 = e 
Zero. NBA 
Hence, line integral = 0 0.125 x 10 ^ (6 (n/180 
hac 125 x T 
Along path (b), i, is ®. So, magnetic lines along ( = ) (6) ) a 
this current is clockwise. But, we have to take line 200x 5x10" x5x2x10 
integral in counter clockwise direction. Hence, line —13x107 A 
integral will be negative. 
Exercises 
LEVEL 1 Jav 
6. - r- M gk gu E 
Assertion and Reason 1 T 
2. By changing the direction of velocity direction of m and q both are different. Ratio ” is not same for 
magnetic force will change. So, it is not a constant 
force. both. 
. To balance the weight, force on upper wire should T. F,+ F,, =0 
i bdo piu Muir cae a can be gE +q(vxB)=0 
checked by displacing the wire from equilibrium E-- (vx B) - (Bx v) 
position. 8 
. T= MB sin 90° #0 i LS 
; ; i : ; F, lv (always) 
. Magnetic field is outwards and increasing with x. 
i : : and P=F.v 
So, magnetic force will also increase with x. The ] . 
force on different sections are as shown in figure. Power of magnetic force is always zero. 
F, = qE 
If F, is also perpendicular to v, then its power is 
also zero. 
9. X X x 
qe 
Force will act in positive x-direction. But, no 
torque will act. 10. |vj= 42v, — speed, which always remains constant. 


11. Re v, by increasing the speed two times radius 
also becomes two times. Hence, acceleration 
(= v?/R) will also become only two times. 


Objective Questions 
2. T= emm independent of v. 
Bq 


3. B= = x independent of diameter of wire. 
Tr 


8. In uniform B is force on any current carrying loop 
is always zero. 


9. M - Ni4 
10. B-F=0asBLF 
En B-a=0 
or 2x+3-4=0 
x=0.5 


12. In uniform magnetic field, force on any current 
carrying loop is always zero. 


13. pac. or € (as P — constant) 
Bq q 
14. 6, =180°, 0, =180°-@ 
W =U,-U; 
= — MB cos (180? — 0) — (— MB cos 180°) 
= MBcos0 - MB 
P 
arzt 37^ 
L4 N 
15. {50m (256m 
x^ 14 em^, 
"4 l s 
EEE EA, 
HM 
3 cm 3 cm 
B= F9. 1 (sin 37° + sin 37°) 
4n r 
p2 7 
16. pas Le B, Ho c— centre. 
* AR? +x?) 2R 


17. F=/ (l xB) =/ (ba x B) 


We can see that all (a), (b) and (c) options are 
same. 


18. F- Bqv or Fay 


m 
F œ VV 
19. Two fields are additive. 
Lo uel] 2Hof 
: E (R/2)) TR 


Now, 


nel 
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1 


20. B,= 7 8, 
uoNi? _ 1[uoNi] 
IR + 8L 2R 


21. Electric field (acting along j direction) will change 
the velocity component which is parallel to B 
(which is also along j direction). 

B= Boj and v = voj will rotate the particle in a 
circle. Hence, the net path is helical with variable 
pitch. 


23. No 


a EE 


26. In (c), two wires are producing O magnetic field 
and two wires are producing ® magnetic field. 

27. I, produces circular magnetic lines current Z, is 
each small circular element is parallel to (0 = 0°) 
magnetic field. Hence, force is zero. 


28. Arc of radius a E th of irele produces magnetic 


field in k direction or outwards, while arc of radius 
b produces magnetic field in — k direction. 


B= (EL) ica (EL) i) 


4 \ 2a 4 \ 2a 
-Hol C E =) É 
8 la b 
29. Equivalent current, 
i=qf =ef 
B= Hol = Hoef 
2R 2R 
30. >= 
AND 
77 450145057 a 
^ | pie 2 
Pd ! S 
p: ` 
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31. 


32. 


33. 


34. 


35. 


B.-4 E Z (sin 45° + sin i) 
a/2 
_ W2pHol 
ha 
At distance r from centre, 
p Ho (in) 
2m r 
For path-1, i, #0 
B, #0 
For path-2, i, =0 
B,=0 


Ho i 
dB - — — (dl xr 
4T "à ) 


dB is in the direction dl x r. Hence, dl is 
outwards and r is from dl towards P. 


Magnetic field due the straight portions is zero. It 


is only due to arc of circle. 


B= Ld (#2) (Radius = x) 


From centre, r = (R — x) 
Ho Z Ho Z 
= r= R-x 
2n RÊ 2n R? ( 


From Fleming's left hand rule, we can see that 
magnetic force is outwards on the loop. 


So, it tends to expand. 


Subjective Questions 


1. F- q(v x B), where q = — 1.6 x 107 ? C for an 
electron and q = + 1.6 x 107 ? C for a proton 
2. F-q(vx B) 


3. (a) F =q (v x B) 


or [(76x10?)i - (52x10?)k] 


= (7.8 x 10°) [(-3.8 x 10°)j (Bà + B,j + B.k)] 


(From Ampere’s circuital law) 


(7.8x 10°°) (3.8 x 102) (B,) 


= (-5.2x 10%) 
E B, --0175T 
Similarly, 
(7.8 x 10%) (- 3.8 x 10°) (B,) 
-27.6x10? 
or B,2—0256T 


(c) From the property of cross product. 
F is always perpendicular to B . 
Hence, F-B=0 
4. Apply F =q (v x B) 


For example, let us apply for charged particle at e. 


va v2 >| 
F,-g||— j- —=k | x (Bi 
e ssi 23 ( | 
qvB ^ 
==(-j-k) 
a j 
5 _ v¥2qVin 
Bq 
pul 2Vm 
rV q 
1 [2x2x10? x 9.1x 10?! 
0.18 1.6x107? 
=8.38 x10“ T 
6. @ r= = ye 
Bq m 
mrs 
2 Bq 
CEE e 
Bq 


s PBP Bq 
2qm 2m 


T. (a) Conservation of charge 


Q2 


They will collide after time, 

Tom 

2 Bq 

8. (a) At A, magnetic force should be towards right. 
From Fleming’s left hand rule, magnetic field 
should be inwards. 


10. 


11. 


12. 


Further, r= 
Bq 
as (r=5cm) 
qr 
T mn 
b)tf;—2—— 
( ) AB 2 Bq 


- Component of velocity parallel to B, i.e. v, will 


remain unchanged v, j and Bj will rotate the 
particle in yz-plane (L to B). 


At the beginning direction to magnetic force is 
— k [from the relation, F = q (v,j x Bi) 
In the time ¢, particle rotates an angle 
B : = 
0=0i= (24), from its original path. 
m 


In the figure, we can set that, y- component of 
velocity at time fis v, cos 0 and z - component is 
— v, sin 0. ! 


E-E,-0 

or qE + q(vx B)=0 
or E=-(vxB) 
or E=(Bx v) 


Work is done only by electrostatic force. Hence, 
from work-energy theorem 


= sm = work done by electrostatic force only 


2qEgz 


—-(qEgz or Speedv= 


m 
Particle rotates in a plane perpendicular to B, i.e. in 
xz-plane only. Hence, v, = 0 
When they are moving rectilinearly, net force is 
Zero. 
qE = Bqv sin (90? —0) 
E 


y= 
B cos0 
When electric field is switched off, 
p= (=) v cos (90° — 0) 
Bq 


. 2mm Etan0 
qB? 
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13. W =F, 


m or mg = IB sin 90° 
nmg _ (13x 10) (10) 
Bl 0.44 x 0.62 
=0.47 A 


Magnetic force should be upwards to balance the 
weight. Hence, from Fleming’s left hand rule we 
can see that direction of current should be from 
left to right. 


14. (a) ilB = mg 


or F pie or y PER 
R IB 
_ (0.75) (9.8) (25) 
|^. 0.5x 0.45 
z817V 
ilB - mg VIB V 
(b) a es AR g [s i= | 
_ (817) (0.5) (0.45) 
(0.75) (2.0) 
~ 112.8 m/s? 


15. i-5A => B-(002j)T 
Now, applying F = i (1 x B) in all parts. Let us 
find 1 for anyone parts. 
la -Y-—Y. 
= (0.4 j + 0.4k) - (0.4 i + 0.4k) 
- (04 j- 0.4 i) 
16. Let surface charge density is o. 


f+ 


Onk 


dq =((2mr)dr]o 
Equivalent current, 
i = (dq) f 
dM = iA - [(4q) f lim] 


R 
M= |, dM 
qp — tol — Mode) f 
2r 2r 
B= [aB 


. M 
Now, we can find the ratio P 
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17. (a) From energy conservation, 
Uy =K =Uy + Ko 
or (— MB cos0)+ 0=(— MB cos 0°) + Ks. 
Substituting the given values, we can calculate. 
(b) To other side also it rotates upto the same 


angle. 
18. wre” 
v 


t) 1-ar- e (- 


(c) M=IA -( = (mr?) =" 
2nr 2 
19. Assume equal and opposite currents in wires cf 


and eh. 


20. Assume equal and opposite currents in wires PO 
and RS, then find M. 


x 


B(2j) > t=MxB 


21. Bi =; B+ B? - J2B 
where, B — Boy (sin 0? + sin 90?) 
Amr 


Now, 


22. Magnetic fields at O due to currents in wires ab 
and cd are zero. 


a 
b 
~. Q 
a ee 
a 
h 
RR | 


Magnetic field due to current in wire da (say B,) is 
inwards due to current in wire bc (say Bj) is 
outwards. 


B= Hot (sina + sin B) 
4T 


B, = Bot (sina + sin B) 
4T 74 


B,>B, as 
Bret = B, - B, 


nz» 
(outwards) 


23. In first quadrant magnetic field due to 7, is 
outwards and due to Z, is inwards. So, net 
magnetic field may be zero. 

Similarly, in third quadrant magnetic field due to 
I, is inwards and due to J, magnetic field is 
outwards. Hence, only in first and third quadrants 
magnetic field may be zero. 

Let magnetic field is zero at point P(xy), then 


B, = By, 
Ho Ji Ho D; 
2m y 2m x 

ysis 

I 


24. Two straight wires produces outward magnetic field 
by arc of circle produces inward magnetic field. 


Due to straight wires, 


Bis J Ho i (sin 0 + sin 90°) | 
Lan R | 
=B% (outwards) 
2nR 
Due to circular arc, B, = E (He!) (inwards) 
T \2R 
For net field to be zero, 
B, =B, 
or 0 = 2rad 


25. (a) If currents are in the same direction, then above 
and below the wires magnetic fields are in the 
same direction. Hence, they can't produce zero 
magnetic field. 

In between the wires, let B — Oat a distance (r) 
cm from the wire carrying 75 A current. Then, 


= i] 7 m) las) 


Solving, we get r = 30cm. 


(b) If currents are in opposite direction, then in 
between the wire magnetic field are in the same 
direction. So, they cannot produce zero 
magnetic field. The points should be above or 
below the wires, nearer to wire having smaller 
current. Let it is at a distance r from the wire 
having 25 A current. Then, 


" (3 E (22) 75 
2n Xr 21/40 r 
Solving this equation, we get r = 20cm 


WoNiR? 
2(R? + xy? 


26. Apply B= 


27. I, produces inwards magnetic field at centre. 


Hence, J, should produce outward magnetic field. 


Or current should be towards right. Further, 


ae "(as (2) 
2R 2m) VD 


TD 
28. (a) p, = Hom 
2R 
20 poNiR? _ B 
BAS a Ay 


29. 10 A and 8 A current produce inward magnetic 
field. While 20 A current produces outward 
magnetic field. Hence, current in fourth wire 
should be (20— 10— 8) A or 2 A and it should 
produce inward magnetic field. So, it should be 
downwards toward the bottom. 


30. (a) Bat origin By = By 


Mol 2,5 
=" (i+ 
gg OTP 
Now, we can apply F = q (v x B) for finding 


force on it. 
(b) In uniform magnetic field, 


Fi y = Fkym = Fkm 
-I( x B) 
-I[QR (—k)} x {Boj}] 
= (2B, IR)i 


Net force is two times of the above value. 


= [ uo i 
lan (nr/n)cot t /n 


! T T 
uir? sin (=) tan (z) 
_ n n 


2n?r 


(2sin x./ J 
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(b) The above calculated magnetic field can be 


written as 
2 
sin m/n 
B- Moi T/n 
2r cos T/n 
AS, n> x, & > 0 
n 
Hence, lim E S 1 
x/n—0 m/n 
and lim (cotz/n) 1 
t/n> 0 i 
or p, Ho 
2r 
32. Current per unit area, 
E I 
na? — n(a/2y. — (a/2y 
| 2l 
na 


Total area is (na). Therefore, the total current is 
I5 (6) (ur) S 2r 

Cavity area is t (a/ oy. Therefore, cavity current is 

I, = (6) (na’/4) = : 


Now, the given current system can be assumed as 
shown below. 


2l 
(a AtB,, B= Ho 24 = Hol (towards left) 
21 5 (m 
4 = Hp. X. (towards right) 
27 (r— a/2) 
and zB. e (towards right) 


ja. em. 

2x (r + a/2) 

s Bre = B1 — B, — B, (towards left) 
aug [1 1 1] 
T E 4r—2a 4r+ 2a | 


| pol [ 16? — 4d? - A? - 2ar - A? + 2ar | 
T r(16 7° — 4a’) 


gal | 27?- a? | 
"tr 4) - d 


(towards left) 
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mo 


(b) 


Bao = Bj - 2B, cos 0] (towards the top) 


_ Ho 21 E I/2 | r 


2n R 2n Jr + a14 Jr + dà 


[2524 52] 
— Hol 2l (towards the top) 
Tw rora 


33. d 
—— e—a 


——— 
B in the above situation is given by 


p. H^ 


2 
4 — o o o o o 


P 
B«—————e—— B; 
2 —— 6. 0 $0 e e 


Q e— ——- B, 
e——— —- B; 


At point P, B, and B, are in opposite directions. 
Hence, Bp =0 
At point, O, B, and B, are in same direction. 


Hence, Bo =2 (e>) =uÀ 


34. E hs 
L m a 
LL : 
F= Bo i2 L (Repulsion or upwards) 
2m a 
M of the loop is inwards and magnetic field to 7, 
on the plane of loop is outwards. Hence, t = 0, as 
t= M x Band angle between two is 180°. 
35. /« 
o x-axis 


Electrons touch the x-axis again after every pitch. 
Therefore, the asked distance is 


d = p = vT = (vcos0) ed 
Bq 


For paraxial electron 0 = 0° and q = e 
d= 2Tmv 


Be 


XXXX 
v v 
C C 
v v 
L-r L»r 
and 0-nx if Ls<r 


37. a; = En (along negative z-direction) 
m 


Electric field will make z-component of velocity 
zero. At that time speed of the particle will be 
minimum and that minimum speed is the other 
component, i.e. vg. 


This is minimum when, 


E, 
or 0= Vy - 270, 
m 
or t = 2o 
qEy 


38. Path is helix and after one rotation only 
x-coordinate will change by a distance equal to 


pitch. 
2 
x = p= (vocos0) | zn) 
Bq 


39. M = i(CO x OA) 
= i(CO x CB) 


= A[(— 0.11) x (0.2 cos 30° j + 0.2sin 30°k) 
= (0.04 j — 0.07 k) A-m? 


M - Ni (OA x AB) 
= Ni OA x OC) 
= (100) (1.2) [(0.4j) x (0.03 cos30? i 

+ 03 sin 30°k)] 
- (72i -1247Kk) A-m? 
t=MxB 

-[(7.2i -12.47 k) x (0.8 1)] 
-(-9.98j) N-m 

|1|29.98 N-m 


Torque vector and expected direction of rotation is 
shown in figure. 


41. B,-B,- B.- Bp 
_ puto P2QX107)() 


2n r — (02/42) 
= (5.0/2) x 105 T 


Net magnetic field 
= (B1 + Boy + (By + Bp? 
=2/2B 


=2.0x10°T (towards bottom as shown) 


2n br? 
3 


42. i=| i (2nr dr) j= | i (27r dr) (br)= 


(a) Forn < R 
g= boin 
2T n 


_ Ho [ 2nbn/3 
21 n 


= Mobri 
3 
(b For n > R 
mS 
2k n 
-(&) 2nbR?/b) _ MobR? 
20 3p 


5 
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LEVEL 2 


Single Correct Option 
1. 


T ng about the left end (from where string is 


connected) 
- |M x B| = MB sin 90° 
or (mgR) = (NiA) By = i (RR*)By 
mg 


or i= 
TRB, 


In uniform field, 


Magnetic force on POQ = magnetic force on 
straight wire PO having the same current. Hence, 


F = i (l x B) = i (PQ xB) 
= 2[(41) x (- 0.02 k)] 


- (0.16 j) 
zT. eM. (1.6 i) m/s? 
m 0. 


Linear impulse = mv 


or FAt=m.J2gh or (ilB)At-m 2gh 


But, i At = Aq 
(Aq) (IB) = m J2gh 
Hence, =" 2gh 
Bl 
M d 
L 2m 


oe sp ue 
«- (E (£) 


-( a } E mk) : qR/o 
2m) \5 5 


x X X X 


sin 9 =— = => 
r (mv/ Bq) m Bd 
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Force 


Variation of magnetic force on wire ACB is as 
shown in figure. Point of application of net force 
lies some where between A and C. 


7. Ata distance X from current J», 
gal 
2n X 
Magnetic force of small element dX of wire AB 
dF = I, (dX )B sin 90? 


x=2a 


F=[ dF 


8. Apply screw law for finding magnetic field around 
a straight current carrying wire. 


_ pol? 
eT Feo 
Hol QRy 
* 2[QRy + Qx ]? 
2 
B, 
10. (b-— a)=radius of circular part x xX x 
_ mv 
E 
y Bq (b — a) ® 
" ———- 
44.2 d ind 
L 2m 
q q ml? ngff^ 
Mz I@)= 2nf)- 
aoa] 


12. At x=0, 


M 


y=t2m 
Fup = Fup =i [MP xB ] 
= 3[(4j) x (5k)] 
- 60i 


13. Funro = Fag and this force should be upwards to 
balance the weight. 


ilB 2 mg, where 
a 
1=MO =£ 
Q 2 


2Mg 
aB 


Force is upwards if current is clockwise or current 
in MỌ is towards right. 


14. = radius of circular path 


i(a/2)B-mg or i= 


= mv = mv 
Bq (uni) (q) 
"M Uogr ni 
2m 


15. (a) B L v, so it may along y-axis 


(b) F Lv, 
k alv=0 
or a-v=0 
or a b = a,b, 


(c) See the logic of option (a). 
(d) Magnetic force cannot change the kinetic 
energy of a particle. 


16. Magnetic force is always perpendicular to 
velocity. So, it will always act in radial direction 
which will change tension at different points. But, 
time period and 0 will remain unchanged. 


17. Force on the wires parallel to x-axis will be 
obtained by integration (as B œ x and x 
coordinates vary along these wires). But on a loop 
there are two such wires. Force on them will be 
equal and opposite. 

Forces on two wires parallel to y-axis can be 
obtained directly (without integration) as value of 
B is same along these wires. But their values will 
be different (as x-coordinate and therefore B is 
different). 
F 


net = AF (on two wires) 


= Ia (AB) = Ia (By) (Ax) 
= Ia By(a)= IByà? 
This is indecent of x 
F, =F, = IBla’ #0 


18. p, =Ho fin 
* m x 
where, I =I i died b’)| 
as Ix -55| 
d (c - x’) 
(eb) 


19. F, - gE- (1.6 x 107 ?) (- 102.4 x 10) k 
= (-1.6384 x 107 ^ k)N 
E, =q (v XB) 
= (1.6 x 107 °) [(1.28 x 1051) x (8 x 10775] 
= (1.6384 x 107 '^K)N 
Now, we can see that 
E, -E,-0 
20. Due to j component of B, magnetic force is zero. It 


is only due to i component. 
l is towards — y direction, B is towards i direction. 


Hence, | x B (the direction of magnetic force is 


+k) 
1 
F = | dF = | (à) B) 
1 
=|; Qx1075) (4) (0.3 3) 
-3x10 ^N 
21. r= (during circular path) 
Bq 
Bar 
m 
Now, qE = Bqv 
2 
E=Bv= BS dr 


m 
p- (0.1 (20 x 1076) (5 x 107?) 
(20 x 107?) 
— 0.5 V/m 
. -7 
22. B, Hoi | (4x x 10°“) (5) 


R D (+ x 107 ? 


-242x x10? T 


p, -Bo _ (4x x 1077) (522) 
?^ 2R (2) (5X 10-2) 


= 2/2n x10 T 


| p2 2 
Bret = Bi * B 
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23. gE = Bqv 
E 
y2z— 
B 
mv _m(E/B) 
Bq B(q) 
E 
— where, S = q/m 
Pe ( q/m) 


24. E = weight per unit length 
Ho HB = 9.01 10 
2n r 
-7 
oe %10 000x 50) _ 


r 


0.01x 10 


or r=0.lm 

When B wire is displaced downwards from 
equilibrium position, magnetic attraction from A 
wire will decrease (which is upwards). But, weight 
(which is downwards). So, net force is downwards, 
in the direction of displacement from the mean 
position or away from the mean position. Hence, 
equilibrium is unstable. 

25. Magnetic field due to current in the wire along 
z-axis is zero. Magnetic field due to wire along 
x-axis is along j direction and magnetic field due 
to wire along y-axis is along — i direction. Both 
wires produce 


gast 


26. |FAgc| + = [Fac|= iB 
= (2) (5) (2)=20N 


27. E- | — 
4nT£o (R^ + x^) 
_ pit 
73 (R+ 2372 
where, i= =) 
2xR 


More than One Correct Options 


UoN qu 
1 


_ (4x x 10-7) (50) (2) 
2(5x1072) 
-A4m x10 ^T 
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p, = aa 
2R, 
|. (An x10" 7) (100) (2) 
(2) (10 x 1072) 
-4n x10 ^T 
When currents are in the same direction, then 
Ba = By + B 
When currents are in the opposite directions, then 
Bye = By — B, 


. (a) vis parallel on anti-parallel to B. 
(c) qE+ q (v x B)=0 


or E=- (vx B)=(Bx v) 

MAROON 

Bq 0 
T= 2mm _ (2)(m) (1) _ » 

Bq Q) (t) 

=3.14s 

Plane of circle is perpendicular to B, i.e. 
xy-plane. 
0 = 180° 


t= MB sin0-0 
U =- MB cos0 = + MB = maximum 


. If current flows in a conductor, then 


E#0 (for inside points) 
E=0 (for outside points) 
Ho i ae s 
=——r for inside points 

x ( points) 


B = 0at r = 0, i.e. at centre 


B =E? 1 for outside points. 
2n r 


F,, = upwards 


a 


FE, = leftwards 


Net force on loop is neither purely leftwards or 
rightwards or upwards or downwards. 


. F,-q(vx B) 


Depending on sign of q, F,, may be along positive 
z-axis or along negative z-axis. 

F, -qE 
Again, depending on the value of q it may be along 
positive z-axis or along negative z-axis. 
If q is positive, v x Band F,, comes along negative 
z-axis also. But, F, comes along positive z-axis. So, 
it may also pass undeflected. 


: Let us take F = Ho. 


8. KE=qV or KE«V 


J24Vi 
a oe py 
Bq 


T= enm or T is independent of V. 


Bq 


9. (a) Point a lies to the right hand side of ef and fg. 


Hence, both wires produce inward magnetic 
field. Hence, net magnetic field is inwards. 
Same logic can be applied for other points also. 


10. See the hint of Q.No-3 of Assertion & Reason 


section for Level 1 


Match the Columns 
1. (a) F 2 q(v x B) 


qis negative, vis along + i and B along + i. 
Therefore, F is along negative z. 

(b) Same logic is given in (a). 

(c) Bis parallel to v. So, magnetic force is zero. 


Charge is negative so, electric force is opposite 
to E. 


(d) Charge is negative. So, electrostate force is in 
opposite direction of E. 


. For direction of magnetic force apply Fleming's 


left hand rule. According to that w and x are 
positively charged particles and y and z negatively 
charged particle. 


Secondly, 
J42Km 
» = 
Bq 
re vm (K same) 
q 


. Force on a current carrying loop is zero for all 


angles. t is maximum when Q, then angle 

between M and B is 90? minimum potential energy 
is at 0 = 0°. Positive potential energy is for obtuse 
angle. Direction of M is obtained by screw law. 


. Two currents are lying in the plane of paper. Its 


point is lying to the right hand side of the current 
carrying wire, magnetic field is inward 

(- k direction). 

If point lies to left hand side, field is outward 

(k direction). 

i.i 

2n r 


Current in same direction means attraction and 
current in opposite direction means repulsion. Let 


us find force on wire-2 by other three wires 1,3 
and 4. 


F,-F 


— ——» Fro iS rightwards 


6. Fuge = F4pc = Fac 
Fi, =2 Fic 


45 (ax | 


=I (AC x B) 
Hence,  AC-(i-*Ij 


> 
A D 


Now, putting value of B we can find net force in 


different cases. 


Subjective Questions 


1. Force on wire 12 will be (5s A (la) in positive 
Ta 


x-direction. 


Force on 2-3 and 3-1 : 
r=a+ xsin 60°=a+ 32 


Mol Ho I 
2n F 2T 4 


a 
2 
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Ho I 
T 2a+ 2a4 Jax 
Ej = b ‘(dF cos60°)| Ci) 


n "Ho z 
0 x 2a- V3x 


te } m Qa + 43x)]t (- 


Iil a 
NA i) 


an 2 
2 
and Fo - E d) 
2[ ie 
E, = Uo E LH Jo Ans. 


. Magnetic moment According to Bohr's 


hypothesis, angular momentum in nth orbit is 

h 

L=n (=) 

21 

Further, =— or — 

2m 2m 
Magnetic moment, 


«zo - m.) 


Magnetic field induction 


mv | 1 ©) 


Lf 
r 4nme r? à 


Moa yl 
L 


From Bohr's hypothesis : 


n is 
myr = — .. (ii) 
21 
Solving these two equations, we find 
2 2,2 
e gg h 
y- and r--? 
2ggnh Tune 
Now, magnetic field induction at centre 
- Hol 
2r 


Here, i-qf =(e) (zz) 
2nr 
-[Mo|| € | Moe| V 
(Es) (=) 4T (5) 
(Moe | e )\( x?*m'e4 
(s) aA 5 eqni | 


_ Bonm e 


8eolón 


Ans. 
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3. r2 9-74 cm 


B= 1010 sina) 
4ATr 


ame. 30 3 
IE [3s (2x5) 


Net field = 4 B sin 0 
=4x90x10> x 
4 


-247x10^*T Ans. 
4. xy-plane T= ear 2 a) n 
v 5 50 
Since, qucm or fue 
Bq q 
AY 
d 5 m/s 
>X 


- Su 
After collision mass has become 4 times and 


charge two times. 


7 


Given time tf = 4" i.e. combined mass will 


complete one-quarter circle. 


Further r- Ls 
Bq 
1 
or rem (as P = constant) 


Since, charge has become two times 
f= =0.2m 
2 
At t = (1/40) second, particle will be at P in 
xy - plane. 
: x=r=0.2m 
y=r=0.2m Ans. 


z-coordinate Mass of combined body has become 
5 times of the colliding particle. Therefore, from 
conservation of linear momentum, velocity 


component in z-direction will become - times. Or 


1 40 8 
y, = — X — m/s = — m/s 
^ 5 m T 
8 m 
z=v,t=—x—=02m Ans. 
m 40 
. F, =F, or eE = eBv 
E 120x10 
B 50x10? 
224 x108 m/s 


Let n be the number of protons striking per second. 
Then, 


ne — 0.8 x 10? 
0.8 x 10? 
or n= ———— 
1.6x10 
= 5x10" m/s 
Force imparted = Rate of change of momentum 
=nmv 
=$x10" 3167x107 x24 x I0* 
=2.0x10°N Ans. 
: A 2qV 
. (a) Speed of particle at origin, v = A- v 
m 
x a m 
t= = =a 
v. pe 2qV 
m 


1 5 I[gE] 5. m |_@E 
y735 73 m^ agr] ay ^" 


(b) Component parallel to B is 


v,=at= (=) a| | =£a,|—4 
i m 24V 2mV 


Now, pitch = component parallel to B x time 
period 


-v T=! Ea | q 21m 
á 2mV Bq 


_ Ea |2m 


— Ans. 
B VqV 
T. TograzeatC Using equation of trajectory of 
parabola, 
2 
ax : 
y-xtan 0 ...(1) 
2v? cos? 0 
ew? x10 
Her, a=t = Ir 
m 107 
= 10 m/s” 
Substituting in Eq. (i), we have 
10 x (0.17)? 


0.05 = 0.17 tan 30° — — ———— 
2v? x (43/2y 


Solving this equation, we have 


v=2m/s 
In magnetic field, AC = 2r 
or 0.1=2r 
o 
" jen m = #7 008 30 


Bq 
_ mv cos 30° 
—.. (0.05)g 
_ Q0 7043/2) 
—. (0.05)105) 
2346x102? T 
= 3.46 mT Ans. 


. Magnetic moment of the loop, M = (iA)j 
= Quy 
Magnetic field, B = (B cos 45°) i+ (B sin 45°)j 
=F G+) 
42 
(a) Torque acting on the loop, t= M x B 


= (Pk) x E G+ D 


- IB (-i or |t-742B Ans. 


T 


(b) Axis of rotation coincides with the torque and 
since torque is along j — i direction or parallel 


to OS. Therefore, the loop will rotate about an 
axis passing through Q and S as shown in the 
figure. 
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» 


Ici 


Angular acceleration, & = 


where, /= moment of inertia of loop about OS. 


Tos =I pr 7 [77 
(From the theorem of perpendicular axis) 
But, Tos =I pp 


itl: IB 358 
I 2/3MP 2M 


Angle by which the frame rotates in time 


At is 
0 = Zacar? 
or 0= : r2 (At Ans. 
. In equilibrium, 
2T, =mg_ or n= sal) 


Magnetic moment, M = iA = E o) (TR?) 
T 


2 
t - MB sin 90° = PLR 
Let T, and T, be the tensions in the two strings 
when magnetic field is switched on (Tj > 7). 


For translational equilibrium of ring in vertical 
direction, 


T, + T, = mg ...(ii) 
For rotational equilibrium, 
q T) = od 
Or r,- 7, 080k ...(Iil) 
Solving Eqs. (ii) and (iii), we have 
r, "E , OBOR? 


2 2D 
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: 3T, 
As T, > T, and maximum values of T, can be zx s 


We have 2 
3T, -T.a Omax BOR 
ot 
2 2D 
DT, 
— Bop Ans. 
40. dB _ Ho Go). dx 
2T x 
B= m i dx 
2n 4d x 


B= Bo In (=) (upwards) Ans. 


2710 


| dB 
a 


11. 0= (E = tan! S - tan” 208) 
r mv/ Bq mv 


Deviation = 20 = zs (222) 


mv 


12. (a) Yes, magnetic force for calculation of torque 
can be assumed at centre. Since, variation of 
torque about P from one end of the rod to the 
other end comes out to be linear. 


2 
t= au 7) - nd 


E (6.5)(0.2) (0.34) 
2 


= 0.0442 N-m Ans. 


(b) Magnetic torque on rod will come out to be 
clockwise. Therefore, torque of spring force 
should be anti-clockwise or spring should be 
stretched. 


(c) In equilibrium, 
Clockwise torque of magnetic force 
= anti-clockwise torque of spring force 


7.00442 = (kx)(I sin 53°) = c4.8ye02( $) 
or x = 0.057 m 
U =~ k? = L x (4.8)(0.057)? 
2 2 


27.8x102J Ans. 


13. Let the direction of current in wire PQ is from P to 
Q and its magnitude be 7. 


zZ 


XES R 


The magnetic moment of the given loop is 


M =- Jabk 
Torque on the loop due to magnetic force is 
t =MxB 
= (- Iabk) x (3i + 4k) Boi 
- — 3labByj 


Torque on weight of the loop about axis PQ is 


s -rxF-(Si)« mgk) 


| mga’ 
NE 
We see that when the current in the wire PQ is 
from P to Q, t, and T, are in opposite directions, 
so they can cancel each other and the loop may 
remain in equilibrium. So, the direction of current 
I in wire PQ is from P to Q. Further for 
equilibrium of the loop 


isl 
or 3IabB, = 2" 
2 
= Ans. 
6bB, 
Magnetic force on wire RS is 
F -I( x B) 
- I[(- bj) x (Gi + 4k) Bo} ] 
F = IbB,3k — 4i) Ans. 


Electromagnetic Induction 


INTRODUCTORY EXERCISE 


1. ® magnetic field passing through loop is 
increasing. Hence, induced current will produce 
magnetic field. So, induced current should be 
anti-clockwise. 


2. It is true that magnetic flux passing through the 
loop is calculated by integration. But, it remains 


constant. 
dbp : 
3. | — | [Potential or EMF] 
dt 
-[MDA^! T^] 


4. Ois increasing. Hence, ® is produced by the 
induced current. So, it is clockwise. 


5. By increasing the current in loop-1, magnetic field 
in ring-2 in downward direction will increase. 
Hence, induced current in ring-2 should produce 
upward magnetic field. Or current in ring should 
be in the same direction. 


1 2 
B 
6. 2xR - AL 
z- ER _ 00) 
2 2 
= (57) cm 


AS 28; - Sj (RF) - P 
=n (0.1? - (52) x10 * 
= 0.0067 m? 


e=22 p2) 
At At 


_ 100x 0.0067 
|^ 01 
=6.7V 
7. Ad 2 2(NBS) 
Aq = 0 = 2NBS 

R R 

_ 2x 500x 02x4 x10 ^ 

50 
=1.6x10°C 


8. S=[(5x10 5 k]m? 
ó =|B-S|=9x 10°’ Wb 


INTRODUCTORY EXERCISE 


1. e= Bvl=1.1x 5x 08 
=44V 
Apply right hand rule for polarity of this emf. 
t e= Bul 
_e_ Bl 
UROR 
BU 


2. 


F =ilB = 


_ (0.15? (0.5) (2) 
" 3 
= 0.00375 N 
Bof? 

2 
. Bo QD» 
^ 3$ 
From these two equations, we find 


V,- V5 2-3Bo/2 


3. V,- Ve 


Vp = Vo 


4. Circuit is not closed. So, current is zero or 
magnetic force is zero. 


INTRODUCTORY EXERCISE 
1. ejr st or [ug 
At dt 
Here, L=1H 
di , 
and — = [sin t+ f cos t] 
dt 
|e| =3 (t cos t + sin f) 
di d 
2. V,-« LC -(2)-— (10e^* 
L g Q) 2 ( ) 
=- 80 e” 
Further, V, — iR — LË =V, 
dt 
V, -V ,=iR+ ps 
dt 
or Vp = (106 ^) (4) - 80e 
-- 40e * 
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3. (a) dl/dt =16A/s 
| e | 10x10? 
dl Idt 16 
= 0.625 x 107? H = 0.625 mH 
(b) Att=1s, 7 221A 
U- SEP i x (0.625 x 10° 3)(21)° 
= 0.137] 
P = Ei = (10x10?) 21) 


= 0.21 J/s 


p BJS _ An x 107 7) (0.4) (0.9 x 10° *) 


d? (0.1x 1072? 
-45x10?H 
Ai| (45x10 )(0) _ 
At 0.1 


&ye-|1 


INTRODUCTORY EXERCISE 


| e | (50x10 5) 
didt ^ (8/0.5) 
= 3.125x 10 > H= 3.125 mH 
acM (=) _ (3.125 x 1075) (6) 
At 0.02 
= 0.9375 V 
_ Ny (1000) (6 x107”) 
i 3 


Lu (9) 0. 
(b) |e,| wA) D2 30 V 


-3 
() L= cu. _ (600) Ca ) 
1 


2. (a) M =2H 


=1H 


dt 
= (3.24 x 107 ^) (830) 


=0.27 V 
(b) Result will remain same. 


3. (a) i-r (2) 


45x107? V 


INTRODUCTORY EXERCISE 


E=1LP=PRt 
2 


: has the units of time. 


(c) i=i 1-6 “*4) 
=10(1- e 1/02) 
=9.93 A 


. E=V} +V, 


INTRODUCTORY EXERCISE 


dt C 
di 
-(LC)— 
q-( 1g 
= (0.75 x 18 x 1075) (3.4) 
=459x10°C 
= 45.9 uC 
(b) A 
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INTRODUCTORY EXERCISE 


1. In the theory we have already derived mutual 
inductance between solenoid and coil, 


m =- BNN GRD 


i |_| HoN NS, di 
L dt 
_ (4x x 1077) (25) (10) (5 x 107 ^) (0.2) 


107? 
23.14 x10 5 V 


(b) 


| .3.14 x 10 5 
(27) (0.25) 
22x10 $ V/m 
2. (a) At P, 


g-2 
dt 

p. B 
dt 


2 
s- (2 
2r, \ dt 


E (2n5)-2 T 


F-qE-ÍÉ 6-81) 
2 
Substituting the values, we have 
|. (1.6 x 10° °) (2.5 x 1072) 
2x5x107? 
-2 80x10 ?N 


® magnetic field at the given instant is 
increasing. Hence, induced current in an 
imaginary circular loop passing through P, 
should produced © magnetic field. Or, current 
in this should be anti-clockwise. Hence, 
electrons should move in clockwise direction. 
Or electron at P, should experience force in 
downward direction (perpendicular to 7). 

(b) At P, 


gi- 2 
dt 


dB 2, ( dB 
E(215n)-25s = (Tr 
(215) di ( 263 


z=-1(2) 
2 \ dt 


hn 
=— [6r —8t 
al ] 


F 


[6 (2° - 8 QJ] 


== tegy - 83 


= 0.3 V/m 
As discussed in the above part, direction of 
electric field is in the direction of induced 


current (anti-clockwise) in an imaginary 
circular conducting loop passing through P. 


Exercises 


LEVEL 1 
Assertion and Reason 


1. Due to non-uniform magnetic field (a function of 
x) magnetic flux passing through the loop obtained 
by integration. But that remains constant with 


time. 
d 
Hence, de =0 
dt 
or e=0 


Magnetic field is along — k direction or in ® 
magnetic is increasing. Hence, induced current 
should produce © magnetic field. Or induced 
current should be anti-clockwise. 


2. At time f, magnetic field is negative or and 


increasing. 
Hence, induced current will produce ® magnetic 
field. Or induced current should be clockwise. 


d 
If £ = constant. Then, e= constant 
t 


i or rate of flow of charge is constant. 


. It can exert a force on charged particle. 


di 


4. —=2A/s 


dt 
E nt 
dt 


=(2)(2)=4V 
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5. 


10. 


Comparing with spring-block system 
(4 : 
— | is acceleration. 
dt 


max = O° A — 0 (A) 


-0 (max ) 


Lm 
dt max 


. Applying RHR, we can find that 


Va >V, 


. Ferromagnetic substance will attack more number 


of magnetic lines through it. So, flux passing 
through it will increase. Hence, coefficient of 
self-inductance will increase. 

L depends on number of turns in the coil’s radius 
of coil etc. It does not depend on the current 
passing through it. 


. Current developed in the inductor wire will 


decrease exponentially through wire ab. 
Vy =V, 


di di 
pg E 
dt h dt 


or Ldi, = Ldi, 


or Lyi, = Lyi, 7. 


or Lx — 


Objective Questions 


1. 


U -li 
2 


. MNN, 


"(9 e) : 


When brought closer induced effects should 
produced repulsion. So, currents should increase, 
so that pole strength increases. Hence, repulsion 
increases. 


Magnetic field of ring is also along its axis, or in 
the direction of velocity of charged particle. 
Hence, no magnetic force will act on charged 
particle. But, due to g velocity of charged particle 
will increase. 


5. 


11. 


If magnetic field in the shown cylindrical region is 
changing, then induced electric field exists even 
outside the cylindrical regions also where 
magnetic field does not exist. 


dq 
i = — —(8t)A 
dt F8 
d sahil 
dt 
At t=ls,q=4C,i=8A 
and di ua 
dt 


Charge on capacitor is increasing. So, charge on 
positive plate is also increasing. Hence, direction 
of current is towards left. 

a 20 4V 2H 2F b 


Now, V, *2x8- 4 2x84 2 CT, 


" V,-V,2-30V 
dI 


— = [y0 cos wt 
dt 
pui xm cos Qf 
dt 
Cmax = MIO 
= 0.005 x 10 x 1002 
=(5n) V 
. tp =ler? 
2 2 
L 2 
yeg— => S 2 
C \4 x 107° e 
-J42x10 v 
Bof? 
e= = constant 
Ao 
Aq = — 
TR 
or jat = 


Ad = i(ADR = (10 x 107?) (5) (0.5) 
225x107? Wb 


® magnetic field is increasing. Therefore, induced 
electric lines are circular and anti-clockwise. Force 
on negative charge is opposite to electric field. 


12. 


13. 


14. 


15. 


16. 


17. 
18. 


19. 


20. 
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e=L | £ | = L (Slope of i-t graph) 


e=0 


Then in remaining two regions slopes are constants 


Initially, slope=0 = 


but of opposite signs. Hence, induced emfs are 
constants but of opposite signs. 
V,—-1x5+15+ (5x10 5) 10) = V, 
2 Vg -V,-15V 
I - (10t 4 5)A 
a = 10 A/s = constant 
dt 
At, [20I-25A 
Now,V,-3x5-1x10-« 10 V, 
: V,—Vg-15V 
Vo) max = Vr )max 


do p (=) 
C dt max 


(2) _ % 
dt Jw EC 


90; = BS cos 0° = 2 Wb 
$, = BS cos 180? 2 — 2 Wb 


|Ao| = 4Wb 
|Ad| 
Aq| = — 
|Aq| F 
s oda 
10 


S = (ab) k> perpendicular to x y -plane 
o = B-S = (50) (ab) = constant 
db 
dt 
S e=0 
Back emf = Applied voltage potential drop across 
armature coil 
= 200 — iR 
-200—1.5x 20 
=170V 


e 705 


24. Vs- Ls 
Np dg Vp 
"=v (Rn 
Ns 
==x20=40V 
t= (as) 
P 
-(5)@=24 
2 


22. Relative velocity = 0 
Charge in flux = 0 
23. Incase of free fall, 
| 2 


d —- —gt 
28 


=; (10) (I = 5m 


Here due to repulsion from induced effects 


a<g 
d<5m 
di 
24. V, -V; =L— 
A B dt 
-L(-a)--aL 
25. g= s 249A 
R 03 
1 


U =- L = lysox 107 (40 
2 2 
=40J 
26. Value remains oth in 20 ms times. Hence, two 


half-lives are equal to 20 ms. So, one half-life is 
10 ms. 


t2 = (In 2) 1c = (In DE 


p (n2 
ly» 
= 82) 0) . «09 In 4) Q 
10x 10 
27. — qe 
R 
_N (A6/ At). NS (AB/At) 
R R 
_ 10 (10 x 1075) (10*) 
20 


=5A 
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28. 


29. 


30. 


31. 


32. 


33. 


34. 
35. 
36. 


37. 


38. 


39. 


In steady state, whole current passes through the 
inductor. 


If current is passed through the straight wire, 
magnetic lines are circular and tangential to the 
loop. So, no flux is linked with the loop. 


In second position, Ad = 0 
AQ 
=—=0 
IQ» F 
From Lenz's law, induced effects always oppose 
the cause due to which they are produced. So, 
when the first loop is moved towards the smaller 


loop, it will face repulsion. 


L 
[ru 


b=Ž=3A,t=2s 


i =i 1-€"*) 
Substituting the given values, we can find i. 
In AB, l is parallel to its v. Hence, PD = 0 


vis parallel to 1. 
For wire ab, velocity vector is parallel to 1. 


Current increases with time. So, flux passing 
through B will increase with time. From Lenz's 
law, it should have a tendency to move away from 
the coil to decrease flux. 


For E + 0, à must change 
or — #0 


Even if radius is doubled, flux is not going to 
change. 


M 
B, 
B 
Velocity B, 
N 


B is parallel to MN (or I) and B, is parallel or 
antiparallel to velocity. 


Subjective Questions 


1. 


When switch is opened current suddenly 
decreasing from steady state value to zero. When 
switch is closed, it takes time to increase from 0 to 
steady state value. 

Ai 


eL 
At 


At 1n second case is large. Hence, induced emf 


is less. 
e- NAg - (=) cos 30° 
At At 


S= (2) sec 30° 
NAB 


_| (80 x 107°) (0.4) E |- 
ai 43 em 


Side of square = 1.36 m 
Total length of wire = 50 (4 x 136) 
=272m 


. O=BS = BS e^ 


dà 


Induced emf = | — | = aB) Se “ 
dt 


. (a) At a distance x from the wire, magnetic field 


over the wire ab is 


pabo! 
2m x 
dV = Bvdx = (i vdx 
21x 
x=d+l 
Total emf -[ : dV 


(b) Magnetic field due to current i over the wire ab 
is inwards. Velocity of wire abis towards 
right. Applying right hand rule, we can see 
that a point is at higher potential. 

(c) Net change in flux through the loop abcd is 
zero. Hence, induced emf is zero. So, induced 
current is zero. 


. At t = 0, inductor offers infinite resistance. Hence, 


current through inductor wire is zero. Whole 
current passes through two resistors of 4Q each. 


10 
i; =——_ =1.25A 
4+4 
Att= co , inductor offers zero resistance. 
8x4 
Ra = 4 + 844 
= 6.67 Q 
So, main current 
10 
i =—— =1.5A 


net 
This distributes in 4Q and 3Q in inverse ratio of 
resistance. Hence, current through 4Q is 1A and 
through 8Q is 0.5A. 
For equivalent t, of the circuit Re across inductor 
after short-circuiting, the battery is 10 Q. 
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t 
ij 20.5 (I— e 91) 
-0.5(-6*) 


LoRpos--em i Current 
through 
1.25A battery 


t 


i =1.25 + 025 (1- e 9) 


-21.5-0325g1* 
6. Similar to above problem 
2NBS 
Aq = —— 
R 
g- AOR 
2NS 
_ (4.5 x 1075) (40) 
(2) (60) (3 x 1075) 
=0.5T 
T. e= M =y (2 = mR? (Slope of B - t graph) 
t 


(a) e= (x) (0.12) ($) =0.011 V/m 


(b) Slope of B-t graph is zero. Hence, 
e=0 
(c) Slope is just opposite to the slope of part (a). 
8. Induced emf (e = BvL) and therefore induced 
current is developed only during entering and 
during existing from the magnetic field. 


j£2BW 

R R 
272 
Padus 5" 


Further, magnetic force always opposes the 
change. Hence, external force is always positive. 
During entering into the field, ® magnetic field 
increases. Hence, induced current should produce 
O magnetic field. Or it should be anti-clockwise. 
During existing from the magnetic field case is just 
opposite. 


= Bva — Bva 
= (B, — By) va 
-|Ho ? Ho t | 
2t x 2m x-a 
_ Ho 2ia’v 
4n x(x +a) 
10. p Ho 1 
2n r 
Uoiv p dr 
dV = Bydr= | — 
21 " r 
n : 
y - [av =" In| 2 
: 2n n 
n 
11. a Ë 
dt 
di = z (Vidt) 
L'A 
d [dis i- 1 [và 
L 
or i= ; (area under V, versus t graph) 
(a) Att=2 ms 


i = (150x wr x2x10?x s) 


—333x107A 
(b) Att=4ms 
Area is just double. Hence, current is also double. 
42. se s ox 
di/dt 0.064 
oz =% 
L 
j= Li _ (0.25) (0.72) 
N 400 
=4.5 x107 Wb 
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13. 


14. 


15. 


16. 


@) M= N50, _ (400) (0.032) _ 1.96 H 
i 6.52 
©) M =h 
5 
ic Mi, (1.96) (2.54) 
TUN, 700 
=7.12 x 10? Wb 
L 
Tr = R =0.1s 
The given time ¢ = 0.1 s is one time constant. 
The desired ratio is — (- P=Vi) 
i 
-⁄ 
E 
: E 
After on time constant V, = — as 
e 
V, = Ee ttr, 
] Soc d 
Hence, the desired ratio is — = 0.37. 
e 
jl ec nsi 
R 12.8 
Ger 2" coss 
R 12.8 


(a) After one time constant (t = 0.278 s = tc) 


Power supplied by battery = Ei 
P = (3.24) (0.16) = 0.518 W 
(b) P, = PR 
= (0.16) (12.8) = 0.328 W 
(c) P, = P - P, = 0191W 
(a) After one half-life, 
t= t = (In 2) T; 
= 0.693 E 
R 
|. (0.693) (125 x 107?) 


50 
21.73 x10 fs 


(b) G z) = G JE 


17. 


18. 


19. 


20. 


Now, apply 
isij(1l- e") 


L 
where, t, — * 


Steady state current developed in the inductor 
E . 
== = iy (say) 
F 


(a) Now this current decreases to zero 
exponentially through r and R. 


ER 
i-i "7L 


_ L 
R+r 


where, Ti 


Energy stored in inductor, 


2 
1.5 (1,\(E 
Uy =—Lig =| 2L||— 
d n E I) 


Now, this energy dissipates in r and R in direct 
ratio of resistances. 


2 
H, = r U, = EL 
R+r 2r (R * r) 


In steady state, main current from the battery is 
E 2 
ij2—- 29 =4A 
R 5 
Now, this current distributes in inverse ratio of 
inductor. 
10 8 
i 4A)-— A 
j s + ; VIS 


l3. la 
a)— Li, = — CV, 
OE o= o 


_ CVE _ (4x10) (1.5) 


-L 
i (50 x 107°)? 
=3.6x10 °H 
1 1 
(b f= = 
2nVLC — 2x 43.6 x 107°) (4 x 1075) 
= 0.133 x 10^ Hz 
= 1,33 kHz 
T 1 1 
(c) t=—=——= 78 
4 4f 4x133x10 
20.188 x10? s 
= 0.188 ms 
(@o= 7 =+ 
f f 


(b) Att =0, q = qo = CV, = (100 uC) 


Now, q= q cos œt 


21. 
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1 
=> L= 
VLC oC 


“ 


(c) O= 


(d) |i|= 


= qo sin wr 


a value of current in first quarter cycle 


T/4 
dt 
— 10 


~ T/4 


d LI = lerè 


E 
a T 
(a) 5 


(as I; = 0) 


loj» 1,2 
b) CV; =-—LI 
(b) geo o Hg 


(c) U max = a 


(d) U, = 


LEVEL 2 
Single Correct Option 


1. 


lx De» 
2 "Yo = gliax 


L =,/— V 
max 0 
L 


» Vo= Bul 


q = CVo = BvIC = constant 


d 


Uc= ley? =1 cee, 
2 2 


. From right hand rule, we can see that P and Q 


points are at higher potential than O. 


. At mean position, velocity is maximum. Hence, 


motional emf Bv/ is also maximum. v oscillates 
simple harmonically. Hence, motional emf will 
also move simple harmonically. Further, polarity 
of induced emf will keep on changing. 


. At t = t side of square, 


l= (a + 2vgt) 


Area, S =I = (a + 2vgt) 
$ = BS = B (a + 2v. 
dọ 
e = — = 4 Bv; (a + 2vot 
dt 0 ( of) 
=) [41] =4A (a+ 2vgt) 
2M 
R À 
6. At timet 
Side of square / = l}; — dt 
S 2 P - (I, -at 


At given time 
l -l-at-a 
$ = BS = B (I, - at? 


e=! “ |= 28 (I; — 04) 
dt 


But, (l, - at) 2a 
; e=2aa B 


7. 
aX.» | 2v 
R I2 or 
Bo? ? (2) à 
eA BER = Bul 
2 2 
8. From right hand rule, we can see that 
V4 >Vg 
q4 is positive and gp is negative. 
q=CV =C (Bw) 
= (20 x 1075) (0.5) (0.2) (0.1) 
-02x10 $C =0.2uC 
9. i= By 
R 


Let À — resistance per unit length of conducting 
rod, then 


Bw Bv 
= —— = — = constant 


AM A 
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10. At time ¢, angle rotated by loop is 0 = ox. This is x 
also the angle between B and S. Then, x x 
PE as 15. i x : 
= Bb cos wt x 
do 2 : x X 
e=|— |=b° Bo sin wt 
dt =] dx 
11. 2 Ls 4B 
dt dt F BT I = dS =cdx 
B T X 
E (27r) = (n2) — " 
dt dọ = Bds = o £ q 
m pat dB Tx i 
= b : 
2 dt o=| ap = HO m (2) 
qr dB a 2n a 
Perge e o c b 
2 dt m=2 =B i (2) 
W =Fd= (21r) " Am xd 
2 (dB 16. p, - E» L 
=nrq 2m x 
dt 
22 de= B, vdx = E. y dy 
-(2) uy (075) ex 10°74 2n x 
b " 
E e-[ à = Boh m(Ż) 
=2n x10 "J a 2x a 
12. Initial current = Bn. 1A j2t- Holy In (3 = Induced current 
10 R 2nR a 
$;- 1) = 500 mWb= 0.5 Wb dF = (i) (dx) B, 
Final t=—=4A j 
inal current e E E ig B E ‘| dx 
$; 2 L5) 2 (0.5)x 4 =2 Wb n e 
B Ad = 1.5 Wb F=] dF 
1 1[1 E 
13. -Lre l: ut dọ dB 
17. El=— 2S8 — 
= aie dt dt 
L E = 
a UL) E (27r) = ni? 
S OA or pit or Ear 
2 42 Sdn 
18. Magnetic field through Q (by 75) is downwards. 
t v2 . iR 
— -]n yn By decreasing 7,, downward magnetic field 
TL c through Q will decrease. Hence, induced current in 
| 42 | Q should produce magnetic field in same 
Or t=T; In ee 
42.—1 direction. 
L 42 19. i-0(1- e ^£) -E gets 
"a" É 
= -t/t 
l SE E _, 6 (as V, = Ee 2) 
14. p- Io ! R R R 
2n a l - V, - GR) - (B) i 
F = Bqv sin 90? = Bg (qv) i.e. V, versus i graph is a straight line with positive 
21 a 


intercept and negative slope. 


20. e= Byl20.5x4x0.252 0.5 V 


12 Q and 4Q are parallel. Hence, their net 
resistance R = 3 Q. 


oe dA 
R+r 3-42 
Dixie egt 
dt dt 
E (2mR) = (n^) (B) 
2 
r 29. 
E-—p => F=qE 
mu q 
and t=FR=qER= Za% 
22. 
30. 
EL 
= 
=R 
2 2 
PD- Bol  (B)(v/2R)(4R) = ABR 31. 
2 2 
32. 
23. n-|—L|nmg-|—t|x 
n+l n+1 
L= : L,R, = l R 
n+l n+1 
__hh 
WE Ep Eds 
RR 
Similarly, = 12 
y Raet R+ R, 
A= Ly = L 
Reet R 
24. i- ig "t 
Bii 
T 33. 
T= 
In (1/6) 
25. Paik def >. €22 
R R 
L=TR 
Heat dissipated = Lie =d (TR) (5) = | bx 
2 2 R) 2 
26. In decay of current through Z-R circuit, current can 
not remain constant. 
27. By short-circuiting the battery, net resistance 


across inductor is $ (R and R in parallel). 
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28. 


Att=0,i=E/R 


Now, this current will decay in closed loop in 
anti-clockwise direction. So, |i,|= i; = E/R in 
upward or opposite direction. 


Hence, h=- z: 
R 

Er d È è| 

2 414 

So, i- > half value 


t= ty = (In 2) T; = (In 2) (=) 


; mS 
Steady state current through inductor in ry 


So, at t = 0, current in closed loop (confiding of 
capacitor) will remain same. 


Att=0,V,=-E 


V 

V, zy PO CR Los pup? (i) 
2 

Vi—-Vo= ae. -2BoR? ...(ii) 


C A 
[0] (O) 


Adding these two equations, we get 
V,—- Vc = 4BOR? 

~r, 

dx 


X 


v 


—> Vy 


Vov 
pude 


Small potential difference — Bv (dx) 


I 
Total potential difference = n Bvdx 


1 
-—B(vt*w)l 
2 (vi + v3) 
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34. At time f = 0, resistance offered by a capacitor = 0 
and resistance offered by an inductor = a 


R R SR 
Roe = pi + 3- a =5 Q 
Current from the battery, 
Reet 5 
0.01 
35. «4, = bz =10°s 
R 10 


= (0.1 x 107?) (10) 2 107?s 


20 
idi oA 
(ods 10 


20 
inc =—=2A 
(inde 10 
The given time is the half-life time of both the 
circuits. 
som 2 
lp — lc = 3. 1 A 
or total current is 2 A. 
36. pj =(4b° — na^) B, 
dt dt 
lel. (4b? — na’) B, 
R R 


® magnetic field is increasing. So, 
O magnetic field is produced. 


<4 


» 


b+a b 
37. $,- J Po” (adt)= bo in( zx 


Xx 


X X x 0x x 
Y 


Similarly, 


b-a 
b+a 
n 
b-a 


More than One Correct Options 


Ad = IQ- 0,|= Hot m (2*2) 


Ad _ Hoia | 


A = 
1 R 2mR 


L 
1. e= Bvl, where ni^ 
For polarity of this motional emf, we can use right 
hand rule. 
> 
. x 
i x 
2. (a) x 
x 
X 
>| dx 
gone 
"^ 2n x 


do = (B,) dS = (5 =) (aa 
2T 
j= [a = _ E in 2 


nao 
i 2m 


Wire produces O magnetic field over the loop. If 
the loop is brought closer to the wire, O magnetic 
field passing through the loop increases. Hence, 
induced current produces ® magnetic field so, 
induced current is clockwise. 
No Li 
3. (a)L= : > ọọ 3 
So, SI unit of flux is Henry-ampere. 


t= __ Det 
Ai/ At Ai 


Hence, SI unit of L is hi 


ampere 


= (ln 2) t; = (In 2) s 


rm 
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Hence, the given time is half-life time. Logd. z 
i, 82 KE, and 1x4=4V 
2 2 V, zi V = 4 m——pM 
C 2 


Rate of energy supplied by battery 
=Ei=8x2=16 J/s 
P, = iR = Y (2) = 8 J/s 
V,- V, =E-iR=8-2x2=4V 

. According to Lenz's law, induced effects always 
oppose the change i, and i, both are in same 
direction. Hence, magnetic lines from B due to 
both currents are from right to left. By bringing A 
closer to B or increasing i, right to left magnetic 
field from B will increase. So, i; should decrease. 
. 0; = BS cos 0° = (4) (2) = 8 Wb 
$, = BS cos 90° = 0 


Ao = 8 Wb 
idee eae 
At 0.1 

-lel 29A 
R 

fg =C 
R 


This current is not constant. So, we cannot find the 
heat generated unless current function with time is 
not known. 


(a.c) 
di) ox do LC do 


. If & magnetic field increases, then induced electric 
lines are anti-clockwise. If ® magnetic field 
decreases, then induced electric lines are 
clockwise (both inside and outside the cylindrical 
region). 

On positive charge, force is in the direction of E. 
On negative charge, force is in the opposite 
direction of E. 


. q- 20 
po aas 
dt 
LY 
dt 
At t=ls,q=2C,i=4A 
and di eds 


V.-V,=iR=4x4=16V 
V, — V4 is summation of above three, i.e. 21 V. 
10. V, - V. = Oasl is parallel to v. 


Bo? 
L^ V, = Fe V, = 2 


Comprehension Based Questions 
4m (6? + 24) T/s 
dt 


At i223 Ë =48T/5 
dt 


z=-2-s(2) 
dt 


or E (27r) = ur (2 
dt 


| r dB 
2 dt 
_ qr dB 
2d 
_ (L6x107?) (125 x 10?) 
2 
- 48 x 10?! N 


F=qE 


(48) 


2. From Eq. (i) of above problem, we can see that 
Ear 
i.e. E - r graph is a straight line passing through 
origin. 

3. & Magnetic field is increasing. Hence, © magnetic 
field is produced by a conducting circular loop 
placed there. For producing, magnetic field 
induced current should be anti-clockwise. 
Direction of induced circular electric lines are also 
anti-clockwise. 


d$ dB 3 
A. le| 2| — |=S— = (xa?) B, 
le | 2| E (na^) By 
5. gi 4 
dt 
E (27a) = (na^) B 
or a 
2 
6 F =qE=— qaBy 
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t-Fa-l 40B, 


l 2 
(5 a2) 
'B, 
LM 2 .qD9 


I ma? 2m 


7. o=or= (Zh); 


2m 


l 2 2 
P-*0-|—-qa By | | — 
E J(2 


24 By 
4m 
d dB 
8. Je|- e. S— 
dt dt 
= (0.2 x 0.4) (2)= 0.16 V 
salej- 0.16 
R (1) (40+ 40+ 20) x 10? 
=0.16A 
© Magnetic field passing through the loop is 
increasing. So, induced current should produce 
® magnetic field. Hence, induced current is 
clockwise. 


9. Att -2s, rod will move 10 cm. Hence, 40 cm side 
will become 30 cm. 
le|- « (say) =S (2 
(0.2 x 0.3) (2) 2 0.12 V 
At t=2s,B=4T 
: e = Bul 
= (4) (5 x 107?) (0.2) 
= 0.04 V 
=e,-&=0.08 V 
10. jc 2% = 0.08 
R (1) G0 + 30+ 20) x 10°? 
=0.1A 
F=ilB 
(0.1) (0.2) (4) = 0.08 N 


net 


11 to 13 
At terminal velocity, 
iLB = mg 
. mb 02x98 


'" LB 1x06 

i=3.27A ...(1) 

e- BvL (v = terminal velocity) 
= (0.6) (v) 0) 

e — 0.6v 


...(ii) 


... (iii) 
R, and R, are in parallel. 
LS ME. 
R, +R, 
e 


... (iv) 


net 


i= 


F (v) 


net 


Solving these five equations, we can get the 
results. 


Match the Columns 
1. (a) B == 


i 


|MIT?|. 5-3 
un-| AE pon A ] 


(b) U =5 1? 


: u-[E]- ETT -[MDT-24-?] 


i A2 


(c) @ 


1 L 

Fe ^" Uc E [f] 
(d) [9] 2 [8$] 2[MT "A" T] 

2. V, = Ee" =10e 7% 


T, E n 

V, =10e' 

Vp =E-V,=100-€') 
Now, we can put t = 0 and t = 1 second. 


3. ge" spa 


VLC 


(a) imax = @qo = 8A 


oy |Z 


2 
=°q, = 16 A/s 
ET qo 


di 16 
(d) Vc V, p e 8V 
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4. Steady state current through inductor, 
9 
ip =-=3A 
3 
Now, this current decays exponentially across 
inductor and two resistors. 


LONE NR 

R 6-3 
t2 = (In 2) t; = (In 2)s 

Given time is half-life time. Hence, current will 

remain 1.5 A. 


T= ls 


In the beginning (=) =3 A/s 
dt 
wae — di 
After one half-life time F3 =1.5 A/s 
t 


(a) n =L (2#) =9x15=135v 
t 


(b) Pza = iR -1.5x3245V 
(c) Vg = iR -1.5x6-9V 
(d) V,, V, Vig 29V 

5. à =2t 


-H 
(a) e= di 2V 


(b) i= £ =1A = constant 
R 
(c) Ag=iAt=1x2=2C 
(d) H = PRAr- (1)°(2) 2) - 4J 
6. (a) If current is increased, ® magnetic field 
passing through loop will increase. So, induced 


current will produce O magnetic field. Hence, 
induced current is anti-clockwise. 


Now, i and / currents in PQ are in opposite 
directions. Hence, they will repel each other. 
Same logic can be applied for (b) part. 

(c) situation is similar to (b) situation and 
(d) situation is similar to (a) situation. 


P 


Q 


Subjective Questions 


fe ctm OC i 
m b LC 


and T=CR, 


Tp — 6 
For the given condition T; = tc = t (say) 
Now, in L-R circuit 


y : 
Le) 


E V. 
In CR circuit, 7; — P di 


V 
I-Ij-lI,- R = constant Ans. 
. Motional emf, V = Bvl 
: es RR, 
Net resistance of the circuit = R + ———— 
R, +R, 
Current through the connector, 
Bvl 
feo Ans. 
R+ ke 
R, +R, 
3. 0- of 


de= B (qx) dx 
Here, B= Ho —> 
27T d — xsinot 
de- Pom Fy 


27 d- xsinot 


a UiO pa x 
Vor — V, =| de= d 
pa o~ Va 0 e 2T li d — xsinot i 


uoi d (4 - Pad 
- - In +a 
2T sin ft | sin wt d 
Similarly, 


Uoi pa x 
Eas - d 
os 7 Yo -Vs Í, d + xsinot x 


INTO d (4 + cen) 
= a In 
2T sin wt sin wt d 


Vag -Vog — Vo, 


_ Bi ae E, In d — oa 
2T sin wt sin ot d + asinot 


Ans. 
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Note This function is discontinuous at ot — nm. 


4. At t= 0, equivalent resistance of an inductor in 
infinite and at f = œ, equivalent resistance is zero. 


100 
50 


-. Initial current through inductor = 0 and 


36 
Final current through inductor = m =3.6A 


To find equivalent time constant, we will have to 


short circuit the battery and find net resistance 
across inductor. 

10x5 10 
= =—Q 


Current through inductor will increase 
exponentially from 0 to 3.6 A. 


3 
i =3.6(1— e™ L), where T; = ib ms = 300 us 


Current through 10 Q will vary with time. Ans. 


5. Att = 0, Current through inductor will be zero. 


Alpen s oe 
2-M 3 
Net resistens eG 
2+1 3 
103 o, 
2/3 
22 


To find equivalent time constant short circuit, both 


the batteries and find net resistance across 
inductor. 


(241 3 
L 1x10 3 ] 
23 2000 


-2x1 25 


net 


net 


Current through inductor will increase 
exponentially from 0 to 5 A. 


| 2000; 
este 3 | 


. These are two independent parallel circuits across 


the battery. 

(a) Va = E «120 volt (at all instants) 

(b) ais at higher potential. 

(c) Vea will decrease exponentially from 120 V to 
Zero. 
^. Vig =120 volt, just after the switch is closed. 

(d) c will be at higher potential. 

(e) When switch is opened, current through Aj 
will immediately become zero. While through 
R5, will decrease to zero from the value 


x — 2.4 A = iy (say), exponentially. Path of 
2 
this decay of current will be cdbac. 


Just after the switch is opened, 
Vab =— iR; =- 24 x 30 = — 72 volt 
(£) Point b is at higher potential. 
(g) Vig = — ig(Ry + Ry) 2 — 2.4(80) = — 192 volt 


(h) This time point d will be at higher potential. 


» Gq =8CV : q; CV 


qı + d) 7 9CV, 
In the absence of inductor, this 9C)V will 
distribute as 6 CV, in 2C and 3CV/, in C. Thus, 
mean position of q, is 6 CV, and mean position of 
qh is 3CV,. 


| | 
=| +| |- 


n q2 
L 
/0000000* 
Att=0, qis 2CV, more than its mean position 
and q, is 2CV less. 
Thus, do = 2CVo 
2C 
Cret = ES 
1 3 
Q= = ——— 
LC net 2LC 
(a) Tmax = GO 
6CY, 
(b) V, ==" - 3Y, 


10. 
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and y, -21o 
7 C 
= 3l, 
(c) i = qo sin œt 
Vi 
L— 
20V 
di 3, d 
a) V, =L—=(1x10~)— (20t) = 0.02 V 
(a) V, 2 ( "t ) 
= 20 mV 


(b) q= fi dt = [; 200 dt = 108 


2 
y= 2-75 = (07 AV 
2 

q 15 
c) — » —Li 

© 5673 

242 
a > i x 10? x (204)? 
x 


or t>63.2x10° s 
or t > 63.2 us 


. In steady state when switch was closed, 


ij = E/R = (1/5)A = 0.2 A 
After switch is opened, it becomes L-C circuit in 
which peak value current is 0.2 A. 


MS 
ZL S07, 
3 9-374 


or Le = C 
| (150) 

(0.2 

-028H 

(a) e= Bv 20.8x 71.5x0.523V 


x 0.5 x 107 


(b) Current will flow in anti-clockwise direction, 
as magnetic field in ® direction passing 
through the closed loop is increasing. 
Therefore, induced current will produce 
magnetic field in O direction. 

272 

(c) F = F, = ilB =< 1B (An aft 

R R R 


_ (0.8 (0.5) 
1.5 


x 7.5=0.8N 


Ans. 


Ans. 


(d) 


11. (a) 


(b) 


Fv208x75-26W Ans. 
2 
2R = (= = BU. 
R 
2 2 
- M D y. (75 =6W Ans. 


So, we can see that both rates are equal. 


Magnitude of induced electric field due to 
change in magnetic flux is given by 


PE gia a5 
dt dt 
or El = xRQByt) (7 - 2B) 
t 


Here, E = induced electric field due to change 
in magnetic flux 


or E(2mR) = 2nR3 Byt 
or E = Bykt 
Hence, F = QE = ByORt 


This force is tangential to ring. Ring starts 
rotating when torque of this force is greater 
than the torque due to maximum friction 
(fmax = Wing) or when 

pA, x 
Taking the limiting case 

Tr mu, or FR = (umg)R 

or F = umg 
or B QRt = umg 
It is given that ring starts rotating after 2. So, 
putting ¢ = 2, we get 


u = 2B ROQ Ans. 
mg 
After 2 
TE AT ax 


Therefore, net torque is 
T=Tp—tanp = ByQR?t —umgR 
2B,OR 
mg 
T= BOR? (t — 2) 


do _ E) 
or I (2) = BOR (t — 2) 


Substituting u = , we get 


or mR? (2 = ByOR*(t — 2) 


0 
2B 
oO oQ 


m 


or [do - 2 [a —2) at 


GN) 


or 
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Now, magnetic field is switched off, i.e only 
retarding torque is present due to friction. So, 
angular retardation will be 


TR.  MngR ug 
I mR R 
Therefore, applying 
o? = 0? — 200 


2 
or 0= E 2 (HE) 0 
m R 


a= 


o — g= 2202 R 
yung 
Substituting u= 2BRQ 
mg 
We get 0- AQ Ans. 


12. Let v be the velocity of connector at some instant 
of time. Then, 


b 
> < 
i 
Fv SR 
R Fs 1 
< > 
h a l2 
Bvl 
V,» = Bul, i E , q=C(Bvl) 
ip = ci” 
^ dt dt 
Bvl d 
Now, i=i,+i,=—-+CBI— 
dt 
272 i 
Magnetic force, F,, = ilB = BC: d 
t 
Further, Fig =f =F, 
272 
or m id -F zn v- BPC L 
dt R t 


ie dv =f dt 
0 B 0m 4 BC 
F- TU y 


Integrating we get, 


i pi " 
ae FR mR + RB?ÜC 
v= l-e 
Bl 


. EEE : FR 
Terminal velocity in this case is: v; — —-; Ans. 


BP 


13. With key K, closed, C, and C; are in series with 
the battery in steady state. 
Cnet m 1uF Or q = Cret V=20 uc 
(a) With K, opened and K, closed, charge on 
C, will remain as it is, while charge on C, 


will oscillate in L-C, circuit. 
I 


oO= 
VLC, 
B 1 
402 x 10? x 2x 10° 
- 5 x 10^ rad/s Ans. 
(b) Since, at ¢ = 0, charge is maximum (= qo). 
Therefore, current will be zero. 
1 2 
-LÜ- lig 
2 3126 
f q qo 
or i= == 
3LC 43 
From the expression, 
i-o qq -d 
qo 2 2 
We have, -——-0 = 
V3 do q 
or - v3 
q 2 do 
Since at ¢ = 0, charge is maximum or qg, so we 
can write 
3 
q = cos Mt or KEKA = qo cos wt 
T T T 
or Qf = or t= = 4 
6 60 6x5x10 
=1.05 x10? s 
3 3 
© a 2B, P x 20= 1065 pC Ans. 


14. In the capacitor, 
q; = CV, = (10x10 ?)(5) = 0.05 C 
ay - CV, = (10 x 10°)(10) = 0.1 C 
Charge in capacitor will increase from 0.05 C 
to 0.1 C exponentially. 
Time constant for this increase would be 
tT =CR=1s. 
Charge at time t will be 
q = 0.05 + (0.1—0.05)(1— &" *€) 
=0.1- 0.05" *c 


15. 


16. 
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(a) At t=1s,q=0.1-0.05 e 20.0816 C 
q _ 0.0816 
C 10x10? 


(b) This charge 0.0816 C is also the maximum 
charge qg of L-C oscillations. 


From energy conservation equation, 


Iq 1 
s.n we have, 
26€ 2 
-0 0.0816 
0 
VLC 425x102? x10 x10? 
=5.16A Ans. 
Further, @ = : or f- xc : 
VLC 2n  2n4LC 


E 1 
27425 x 10? x 10 x 10° 


= 10 Hz Ans. 


(a) Let at time ¢ velocity of rod be v (towards 
right) and current in the circuit is i (from a to b). 
The magnetic force on it is i/B (towards right). 
Writing the equation of motion of the rod, 


S SRS (5 x Jus 


dt 


V dv t 
h EBI BU : = 
mR mR 


BP 
= t 
v= Fo (l-e "8 ) Ans. 
Bl 


E, — Blv 
R 
Let v be the velocity at some instant. Then, 


(b) i= 


motional emf, V = Bvl 
Charge stored in capacitor q = CV = (CBI)v 


Current in the wire = A = (CBI) — 


Magnetic force, F,, = ilB = car) (upwards) 
t 


Net force, Fi, =mg — F, 


m 


dv 255 dv 
or m =m CB'I 
dt s-( ) dt 
a = acceleration, a= MS D 
dt m+ CB'l 


Since, a = constant 


2 mgt” 


at = 
2 2(m + CB?P) 


x= 


17. Let at time t velocity of ring be v 


=8.16V Ans. 


(downwards) 
e= By (2r)=2Bvr 
(Two batteries of emf 2 Bvr are connected in 


llel 
parallel) B 


Now, a= 


: 2.2. 
Here F, 72 (3) ene! A y 


-— (i) 
a=— =— .. (ii) 
sti) 
From Eqs. (i), (ii) and (iii), we get 


g 2B? 
2 mR 


2B?r? 
- (1-e "* ) Ans. 


or y= 


28°r? 
j= 28r M8 |j g mR 
R 2Br 
mgR 


and yp—-—— Ans. 
T ap 


18. (a) Suppose v be the velocity of rod ef when it has 


fallen a distance, x. Then, 
Vg —V, or Bv = L(dildt) 


or B(dx/dt)l = L(dildt) or Bl(dx) = L(di) 
Integrating, we get Li = Blx 


. (BI : 
or i=|— |x sel 
(2) o 
Now, magnetic force opposite to displacement 
x will be 
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272 
F =F, =ilB= =} 
L 


A constant downward force is mg. 
| x=0 


+ve Fm 
Mean 
mg position 


So, this is similar situation like spring-block 
system in vertical position. In which a force 
F = kx acts upwards and a constant force mg 
acts downwards. 
Hence, the wire will execute SHM, where 
BE 
k= 
L 

Amplitude will be at F,, = mg 


272 
or (EP ame > sa 


L 


At t = 0, rod is in its extreme position. 
Therefore, if we write the equation from mean 
position we will write, 


X -— A cos Ot 
But, x =X + A =A —A cos Ot = A(1— cos œt) 


230) 
where @= de B BS Ans. 
m mL 


(b) From Eq. (i), 


2mgL 
Here, x4,-2 pu 
, BI I 2mg 
Lax - Ans. 
max ( L X BP BI 


(c) Maximum velocity, 


— Br (5) H mL _ gvmL 
° VmL | ee) "VER B 


Ans. 
19. (a) At time t, v = at 
Motional emf, V = Bvl = Baylt 
Total resistance — EUN 
R, +R, 
" (Baglt)(R, + R5) Ans: 


RR, 


(b) From right hand rule, we can see that points a 
and b will be at higher potential and cand d at 
lower potentials. 


2p 
Bl aot 


Fn = UB = (R, + Ry) 
152 
Let F be the external force applied, then, 
E ro = mà 
2) 
Fak Bl aot 


m 


+ mag = (Ri + R5) + mag 


152 


20. (a) At the given instant, 


AC 2L, oc =" 
2 2 
and e LLL e- T 
a 2 3 
-. Velocity of rod 


- (+ zx) along the direction of current. 


Emf induced across the ends M and N 


a43 T m 
Eod =Í B Vrod B dx 
acc 


di ua 

= 2 00 

= Viod E 2nx dx 
2 


2/ 2x 1 


with end M at higher potential. 
Since, the effective length of both the arcs MAN 


and MBN is MN. 
Viod 
Io 7 ud | ij 
Ix 
is dx ' 
I“ ----------------- > 
a43 
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Loi 
Evan = Even = Yloop ^) 729 In 3 


= vo Polo in 3 
2x 
with point M at higher potential. 
Resistance of arc MAN 
=> R, = (R)2(a9) = 2aR B 
— Resistance of arc MBN 


=> R,=(R)a(2n — 20) = 4aR 7 


Equivalent circuit at the given instant is shown in 
the figure. 


Ry 


-EMAN 


-EMBN R, 
Current through the rod MN, 
i=G, ae b= [Bun = ; S Zas) 
1 2 
[1.1] 
iA e 
MAN d p R, | 
| voltoio(In 3) (3 ; 3 | 
4n 2 4) aRn 
= Volto In (3) Ans. 
l6aRx 


(b) Force on the rod 


dx 


3aV3 
= 2 ; 
Ea = | FEL 
2 


_ Wolo In3 = 9 ubio Vo (In 3)? 
2n 32aRT? 


21. Since, PO and DC both cut the lines of field. 


Motional emf will be induced across both of 
them. 


Integrating, potential difference across 


dx => | ae= [% (5 dx 


_ Vibolo 
€pc = 2n 


In 2 with D at higher potential 


2M olo 
2n 


epo = In 2 with P at higher potential 


The relative velocity of the rod PO w.r.t. U frame 
Ve 72v-v-v 
. : l 
Now, time taken by it to loose the contact t = — 


v 
A B 


Epo I 
P mwa 


Epc 


p — —mm— c 


From equivalent electrical network 

Net emf in the closed loop QPDC. 

VH oio In 2 
20 


e= €pg — epc = 
Growth of current in the L-R circuit is given by 


i=i(l- eg tRILy = (<) ü- g Lj 


l 
At time ¢ = — 
v 


i-(£)a e E 


Alternating Current 


1 


INTRODUCTORY EXERCISE = G60) x 10% 
=7.7H 
1. (a) X, = 2nfL Z=R (When X, = Xc) 

(b) L- 2 à patuit D 

nf Z R 20 
"E =6A 
©) Ke= 2nfC 
@ C= 1 INTRODUCTORY EXERCISE 

On 1 


C 
1. -—— 
2. V, 24V? - Vg fm J2c 
1 


_ | "m 2 = 
E E a 2x40.03 x 2x 10% 


— resonance frequency 


Eu 5 = 650 Hz 
i x zh pu 8 At resonance, Y, =X. and Z=R 
L= = : s 
2mfl 2x x50x10 a: cosh => =I or ġ=0° 
= 0.036 H 
i 2. gatum 
3. ó-0,if I 10 
d z=- -wQ 
or 27f L = oa 
ae Power factor, cos = — = — 
1 Z 20 
| Quxyc -02 
Exercises 
1 
LEVEL 1 "T 


: VLC 
Assenion and Naason By inserting a slab, C will increase. So, œ will 


d. Z2 + (Cody decrease. 


total area under i-t graph 


From this expression, we can see that Xç may be 4. Average value = 
greater than Z also. total time interval 
2. At resonance frequency f., _ 842424442 
6 
ud 18 
Now,X,-207L o Xx f Spon 


For f» fe XL > Xc 
At resonance, X¥,=Xo => Z=R 5. Z-4R + (Xe Xy 
X, will increase. So, Z may increase or decrease, 


depending on the value of X... Therefore, current 
or $ - 0? may decrease or increase. 


R 
cosg=—=1 
è Z 
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6. V,-V. => Xato 8. = P= Ving cos0 
So this resonance condition. | V, | Ig 
=|—]|—~| cos® 
8. P= ‘cm R 42 42 
2y - Volo cos 0 
"Uus (10) 2 
9. V =240 V 
=20 W 
Vi V = Fo a2 170 V 
9. Ipc =E (r= internal resistance of inductor) ms do o 
r 
E Vac z Vac Q= ee ^ 
Z de 2 =— =———_ =19 Hz 
M 17x 7 2x3.14 
If Voc = Vac then Ipe > Lac i 1 
10. ;/2— 2—— — 0.5x8x10* 
[p2 2 
P ERA = 500 rad/s 
-2 11. P =V ms Ims COS O 
A _ (100) (100 x 102 n 
with increase in frequency, Z will decrease. J2 J2 eos 3 
X, 2mL 
tan ọ = —L = —77— = 
ix R = a 
with increase in frequency tan and therefore à 12. Xc = — 
will increase. OF 
11. Atresonance, X; = Xe EQUUS 
Z-R Xc = oo 
= H y y or it becomes a perfect insulator. 
Hence, I977m* 13. Substituting ¢ = a s in the given equation, we 
A. 600 
So, current at resonance depends on R. have 
Objective Questions V =10 cos (100 x) (as) 
600 
2. Average value in AC comes out to be zero. 
T 
Z = ]0 cos A 
3. - 
= 543 V 
f 1 1 1 
15. E inc 2 C or Xo e — 
Impedance first decreases, then increases. At o nf f 
resonance frequency Z is minimum. i.e. Xç versus f graph is a rectangular hyperbola. 
4. In case of only capacitor and inductor phase 16. snó- X = d 
difference between current and voltage should Z X3 Z 
be 90°. jen "(4 x 
Es =sin |—— 
5. 1,210 207071, V3 


rms Ao. f a x] 
6. $ = 90? between V and J functions. 17. i- J2 sin [8 + n + 2| 


z = On 
P = Vims Lims cos 9 = 0 Hence, phase difference between V and i is F So, 


2 2 
T. Z= JR +(X,- Xe) power consumed - 0. 
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18. Ine = “22 


R+ X? 
100 
(100)? + x2 
or X, 210043 Q = (2n fL) 
T 100/3 _ 100/3 
2nf 2x (50) 


0.5z 


=10°Q 


19. x.- = 
C eC 100x 10° 


Vas Q00/2) 42 
Xe 10° 
= 0.02 A = 20 mA 


20. Va \Ve+V; 
= (20° + (15? 225 V 


But this is the rms value. 
Peak value = V2 Ving = 25V2 V 
22. Resistance does not depend on the frequency of 
AC. 


23. An ideal choke coil should have almost zero 
internal resistance. Otherwise, it will consume 
some power. 


rms 


24. 45?phase angle means, 
X,-R 
QmfL)-R 
O R 
mf 
B 100 
~ Qx) (10°) 
= 0.0159 H 
= 16 mH 
11 
f so 
T 1 


26. P = Vms ims COS 0 


Gee 


"GE GG) 


=220 W 


27. Ic is 90? ahead of the applied voltage and J, lags 


behind the applied voltage by 90°. So, there is a 
phase difference of 180? between 7; and Ie. 


I-I;-1, 202A 


28. V, function is cos function, which is 90? ahead of 


the current function. Hence, current function 
should be sin function. 


29. Hye - Rt 
IY I Rt 
H, c =I? Rt= Rt= 
AC rms (+) 2 
Hpc 2 
Hac 1 


30. v. - Jr? - v? - 20} - (12? 


=16V 


Subjective Questions 


1. X,-oL-1000 


Xo 2 23950 
eC 


Z=4R + (Xs Xy 
- G00) + (312.5 — 100) 
= 368 Q 


(a) pelts ap esen 
Z 368 


(b) Since, Xc > X,, voltage lags the current by an 
angle given by 


o= cos ! (4) = cos! (=) =35,3° 


(c) Wop = IR = (0.326) 300 = 97.8 V 

(Vy), = ToX; = (0.326) (100) = 32.6 V 

Volo = IoXc = (0.326) (312.5) = 102 V 
2. (a) Voltage lags 


Xc> X, 
R 
Power factor, cos 0 = 7 
R 
Jg + (Xo - X,’ 


To increase the power factor denominator 
should decrease. Hence, X, should increase. 
Therefore, an inductor is required to be 
connected. 


R 
b =—=0.72 
(b) cos L 


R = 0.72 Z = 0.72 x 60 
= 43.20 


(Xe - X,) = (60) — (43.2) 
= 41.642 


New inductor of inductance 41.64 should be 
added in the circuit. 


-Žı 
2nf 

= hem 0.133 H 
27 (50) 

(0) 6280 
fasc = 1000 Hz 
Os 2n  2x3.14 

T x T 
c) p=—-—=— or 30? 
(c) $ 3 3 

Power factor = cos b = cos 30° 
53 
2 


From the given functions of V and i, we can 
see that current function leads the voltage 


function. 
az- -%29 
8.5 
V3 R R 
cos @ = — =— = — 
2 Z 20 
R=10V3 Q =17.32 Q 
Keel -R 
=10Q 
TTE 1 
oX.  6280x10 
=15.92x10°F 
4. fee a 
X, OL 
Vor 2.5 
5. jpa Uli e 
(a) Io R 300 
2833x102? A 
= 8.3 mA 


Current function and V} function are in phase. 


Hence, 
I = (8.33 mA) cos [(950 rad/s) t] 
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(b) X, =@L = 950 x 0.8 = 760 Q 
(c) Vo), = IoX, 
= (8.33 x 102) (760) 


=6.33V 
Now, V, function leads the current (or Vp) 
function by 90°. 

V, = 6.33 cos (950 t + 90°) 


= — 6.33 sin (950 r) 

6. X, -2n fL 23010 
1 

~ 20nfC 


Z=4R + (X; - Xo” 
= 4240y + (301— 55} 
23430 
AES 
(a) 0 = cos (4) 


=55Q 


Xc 


cos 0 2 — 
? Z 


. 240 
(0343 
= 0.697 
Since, X, > Xo, voltage leads the current. 
(b) Impedance = Z = 343 Q 


(c) Va = LZ 
= 0.45 x 343 
=155V 
(d) P = I5, R 
= (0.45 (240) 
= 48.6 W 
(e) P = P, = 48.6 W 
(f) f, -0 
(g) P, =0 
LEVEL 2 
Single Correct Option 
1. (ns (here V =rms value) 
Xo 3 
FA 
R 4 
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I, is 90? ahead of applied voltage function and 7, is 
in phase with it. 


V/3 4 
tan ọ = — =— 
V/A 3 

Q = 53° 


. Ip and J; are in same phase and phase difference 


between them and applied voltage lies between 0? 
and 90°. 
. Xj, =OL = (5X 10-7) (2000) = 10 Q 
— : 4-100 
@C (2000) (50 x 10”) 
Since, X, = Xç circuit is in resonance. 
Z=R=(64+ 4)=100 
Pas ie Q0/42) _ 
eA 10 
This is also the reading of ammeter. 
Ve Alms 
= 5.6 volt 
Fims = an =02A 
R 100 
1 1 


2MfC (om) (5 x 103) G x 10°) 


c 


1.4344 A 


Ik= 


C 


=100 Q 
Xc 100 

Ic is 90? ahead of the applied voltage and J, is in 

phase with the applied voltage. Hence, there is a 

phase difference of 90° between Jp and Iç too. 


Is tig 
=y + Qy 


=283 A 


. Average value of 5 sin 100 o is zero. But average 
value of 5A (= constant current) is 5 A. Hence, 
average value of total given function is 5 A. 


C 


. V function is sin function. / function is ahead of V 


function. Hence, the circuit should be capacitive in 
nature. 


Further, Q = 45? 


10. 


11. 


12. 


13. 


Xc-R or QC-R 
or gute -001R 
œ 100 


In option (b), this condition is satisfied. 


V 24Vg + (Vc - Vy =10V 


Vc > Vj, hence current leads the voltage. 


8v 


Power factor = cos @ = » -0.8 


See the hint of miscellaneous example numbers 6 
and 7 of solved examples. 


V,-4VQv 
=4 (70° + (20 = 72.8 V 


X, Ue 3 9 


tan 0 = 
R Vp 70 7 
In first case, Xç = d - E = 880 Q 
I 0.25 
y 220 


In the second case, R = — = —— = 880 Q 
I 0.25 


In the combination of P and Q, 
Xc 
tan ¢=—~- =1 
? R 


B b — 45? 
Since the circuit is capacitive, current leads the 
voltage. Further, 


Z =4 R? + xà = 8842 Q 


EM a re 

Z s8042 4V2 

See the hints of miscellaneous example numbers 6 
and 7 of solved examples. 


m MEME 
L= R ,1.€. circuit 1s 1n resonance. Hence, 


Vo =V; =200 V 
2 


| PNZP ] 
=| IR 
[e + o | 
WoR 
2 (R +o L) 


14. X, =0L 
If o is very low, then X, = 0 
V, = 
or V =Vo=V 
V 
15. L1 a (at resonance) 
6-25 
R 
Rz4Q 
V 12 
Ipc = —— = =15A 
D Rer 444 


16. Vg = -V° -vè = 00} - (8? -6 V 
Xc Ve 8 4 


tan ọ = 
Xp Vg 6 3 


17. Current will lead the voltage function by 90° 
voltage function is cos function. Therefore, current 
function will be — sin function. 


i 


T (Qn/o)_ m 


f, 
974 4 20 
= T =Is 
2 (7/2) 
18. R= = Yo 
oC 
Z=\R+X2=V2R  (asXco-R) 
V, V, 
has 0) 
° Z JAR 
Le 22 È 
When @ becomes 45 times, Xç will become V3 
times or V3 R. 


Z 2 (R°) + (J3RY =2R 


»_Vo _ Vo _ To 


0 ZO Om J2 
More than One Correct Options 
1. Jg + Vg =100 (i) 
V, ~ Ve = 120 (i 


JV + V~ VoF 2130 ...(iii) 


2. 
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Solving these three equations, we get 

V, = 50 V, V, = 86.6 V and 

Vo = 206.6 V 
R VQ. 50 5 
Z V 130 13 
Since Vç > V,, circuit is capacitive in nature. 
i = 5 sin (ot + 53?) 

dq eee 25 


Power factor 


cos $ 


[^ e — 


sin ot 
ip =5A 
m 5 
UN J2 v2 


Mean value of current in positive half cycle is 


21,-(2)-()a 
T T T 


In V — V, sin 0, current i = 5 sin (œt + 53?)leads 
the voltage function. Hence, circuit is capacitive in 
nature. Same is the case with part (d). 


Pp =Vp i 


= 4000» — (60 
=80 V=iX, =i (27fL) 
_ 80 
2nfi 
T 80 _ 4 H 
(2m) (50) (1) 5x 
If we connect another resistance R in series, then it 


should consume 40 V, so that remaining 60 V is 
used by the tube light. 


Power factor, cos ọ = 


N| 


When circuit contains only resistance, then 
Z=R > coso=l 
When circuit contains only inductance, then 
R=0 
coso = 0 
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5. (a) X, > Xc, hence voltage function will lead the 
current function. 


(b Z-JR^ + (X; - Xe) 
= /(10)? + (20 - 10 


-1042 Q 


R 1 
(c) cos d= 2 T 
Hence, @ = 45? 
(d) Power factor = cos 6 = R = 2 
V2 
6. (b) At resonance frequency (o,) 
X,» Xe 
In the given values, X, > X... Hence, 


(c) If frequency is increased from the given value, 
X, will further increase. So, X, — Xç will 
increase. Hence, net impedance will increase. 

(d) If frequency is decreased from the given value, 
then Xç will increase and X, will decrease. 
So, X; — Xc may be less than the previous 
value or Xc — X, may be greater than the 
previous. So, Z may either increase or 
decrease. Hence, current may decrease or 


increase. 
T. (a) V, 2 IR- 80V 
V. 100 


b) X. 2-€ =—=500 
(b) X¢ E" 


(c) V, 21X, 240V 
(d) V SV. = Vg + Ve- Vy 
= (80) + (100 — 40)" 


- 60V 
Vo 2 42 Ving = 60V2 V 
ud 
Z 
a 


oue) 
R^-w-eL-— 
eC 


By increasing R, current will definitely decrease 
by change in L or C, current may increase or 
decrease. 


Comprehension Based Questions 
1 to 3. 


Voc 7 Ipc R 
iade sag 
Ipc 4 
Ixe = Vac = Vac 
4 JRX? 
2.4 = = 


4GY + x? 


Solving this equation, we get 


X,-4Q 
Ld c 1 
C @C 50x 2500 x 10° 
-80 
Z - AR! + (Xc — X, -50 
I - 12 24A TAA 
P =I} R = (2.47 (3) 
=17.28 W 


At given frequency, Xç > X l Ifc is further 


Re 1 
decreased, Xç will increase | as Xç « z) and X, 
(0) 


will increase (as X = 0). 


Therefore, Xç — X, and hence Z will increase. So, 
current will decrease. 


4. TR 


VLC 
1 


4.9 x10? x 105 


5 


= — rad/s 
d 
1 1 
5. Xo=——= =70 Q 
oC 10? Q0 
7 
Zp =4RŻ + XÀ 
-4/2y + (70) 
=77Q, 
6. At maximum current means at resonance, 
X,=Xc,Z=R 


R 
Power factor = cos 0 = E zl 


Match the Columns 
2. (a) 6 2 0? between voltage function and current 
function. 
(b) J = Io sin (ot — 90°) 
i.e. 0 = 90? and voltage function leads the 
current function. 
(c) Current function leads the voltage function. 


So, 
Xe» X, 
(d) Voltage function leads the current function. 
So, 
X, > Xe 


3. See the hint of Q.No. 6 and 8 of section more than 
one correct options. Then, 


P-I2.R 


By increasing R, current i,,,, will decrease but the 
2 : 
power, P = /;,,, R may increase or decrease. 


4. (ie n7 S596 
1 2 


(b) V. = IXc =2 x 30 = 60 V 
(c) V, 21 X; 22x15-30 V 


(d) V JVd + (V V, =50V 


5. (a) Resistance does not depend on the value of o. 
1 1 


(b Xe2— or Xgee— 
eC [n] 
(c) X,=OL or X,jeo 
(d) Z is minimum at o = œ, and Zu, =R 
Below or above œ, 


Z=JR? + (X, ~ Xc? 


Or Z>R 


Subjective Questions 
1. P =V sims COS È 


rms 


or 200 = 230 x 8 x cos 
cos $ = 0.108 
or = 83.8° 
Further, P= i2 R 
pa a 4G 
rms 
Xc - X, 
a) tan 9 = —————- 
(a) tan à p 
— (2nfL) = R tan 
x fe C $ 
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" 1 R tan $ 
QufyC 2f 
» 1 3.125 tan 83.8? 
(2x. x 50)? x 20 x 107 2n x 50 
-0.416H 
Kp =X, 
b) tan $ =—4 E 
(b) tan $ » 
1 
or 2nfL — ——— = R tan Ans. 
a QnfC) ? 
_ 1 " R tan o 
Qn/yCc Qm) 
B 1 , 3.125 tan 83.8? 
(2x n x 50 x 20 x 10 (27 x 50) 
-0.597H Ans. 


2. Average current will be zero as positive and 
negative half cycles are symmetrical RMS current 
can also be obtained from 0 to t/2. 


I= do. - (2 
1/2 t 


2 
5 r=[#) ? 
t 
1/2 2 
| atl tdt 
=> n) z 07 
0-1/2 t/2 
2 
or (r°) -1 
0-1/2 3 
NP. 
> | a ee 
rms 3 J3 
3. (a) 0.5=— 
1 
Further, P = Vms tims COS Ọ 
or 100 = 230 x 2 x 0.5 
Z 
Z, =264.5 Q 


and — R,-13225Q 


Further, XY, -JZ2 - R? = By, 
= 2292 


R 
In second case, 0.6 = = 
2 


230 x 230 
= ———_ X 
Z 


and 60 0.6 
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e Zy = 529 Q 

and R, =317.4 Q 

Further, Xc= 42 = Ri 
= 423.20 


When connected in series, 
R =R} + R, = 449.652 
Xc-X, =194.2 
Z= (449.65)? + (194.2) 
= 489.79 Q 


R 
Power factor, cos 0 = F = 0.92 (leading) 


P = Vms rms COS 9 
230 


= (230) — 


) (0.92) 


= 99 W Ans. 


(b) Since, X — X, 2194.2 Q 


Therefore, if 194.2 Q inductive reactance is to 
be added in series, then it will become only R 
circuit and power factor will become unity. 


4. (2) gg = LoT = 10 A 


ig = 42i, = 10V2 A Ans. 


(b) ^ =V? + V-V} =50V 


Ey = 504/2 V 
V. 40 
() | X,2(0D-— 4Q 
ba; LO 
4 
a H= k H Ans. 
o 100r 257 
1 V, 
Xe. 1G 
OC in, 10 
galo l F Ans. 
œ 100r 
5 cos >, = 0.5 
, = 60° 
"TEE 
2 2 
p = 30? 


Let R be the effective resistance of the box. Then, 


tan $, = 2€ or 48-26 «sQ 


Xs 1 Xo 
or = = 
R+10 J3 R+10 


From these two equations, we get R=5 Q 


tan þ = 


...(ii) 


6. (a) V, = IR = 80 V, V. 2100 V 
and V, -IX, -160 V 


V -4Vg(V,-V-y =100V Ans. 


Note Value of X, have been taken from part (b). 
(b) Since the current is lagging behind, there 


should be an inductor in the box. 


Xe= £ =109 


Now, 08=* = 2 - 
Z (80 (x, - 1007 
Solving, we get 
X, =1602 
or eL = 160 
(2nfL) = 160 
z- 160__ 160 
2nf (Q2n)x50 


7. (a) 


sin wt 
Reference circle for voltage 


NJ 
02 
20A J 


sin ot 
Reference circle for current 


@ = 2nf = (1007) rad/s 


From the above two figures, we can write 


; 


V = 400 sin (ot + 0,) = 400 sin | 100m + z Ans. 


[ | 


i = 20 sin (wt + 05) = 20 sin |I00nr + 7 |o 


8. o 


(b) Phase difference between V and i 


Q = (1/4 — 2/6) = — or 15? 


T 
12 

P = Vms hems COS Ọ = (5 (2) cos 15° 

=3864 W Ans. 

_ 2. 2 

VLC | 45x10? x 20x 10° 

= 6324.5 rad/s 

X, = GL = (6324.5)(5 x 102) = 31.2 Q 
EM 1 a 

oC 6324.5x20x10° ` 

Z= X, - Xc =23.12 Q 


90 


C 


(a) Maximum voltage across capacitor 


= ip Xo = (0.211)(7.9) = 1.67 mV 
Maximum charge 
qo = (20 x10 (167 x 10?) = 33.4 nC 
5 


(b) p= = mA=0.211mA 


Z 2372 


(c) Since X, > Xç, current in the circuit will lag 


behind the applied voltage by 1/2. 

Further voltage across the inductor will lead 
this current by 7/2. 

Therefore, applied voltage and voltage across 
inductor are in phase. 

Voltage across the capacitor will lag the circuit 
current by 7/2. 

Therefore, phase difference between V, and Vo 
will be 180°. 


9. X, =@L, = Qn x 50)(0.02) = 6.28 Q 


Z, =R? + Xj 
= (5) + (628 2 80. 
P, = Loms) 1 “ims COS 0; = (Jae (=) 
8 8 
= 781.25 W 
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X,, 2 eL, = (2m x 50)(0.08) 
=25.13 Q 


Z, =, R2 + X? 


=25.15 Q 
P, = sss) Vans cos $» 


"[asis) oss 
25.15 25.15 


=15.8 W 
Foa =A + P =797 W 
10. Z, = =3833.0 
Ri 
cos Qj 2 — 
Qi Z, 
=> R, = Z; cos à 


= (38.33)(0.6) = 23 Q 
X, = JZ? - R? = 30.67 
Z,2— 2230 


R, = Z, cos by = (23) (0.707) 
-16.26 


Xo2422- R? 
-Q3y - (16.267 


-1626 Q 
When connected in series, 
R=R, + R, =39.26 Q 
X, -Xc 214410. 


Z=4R?°+ (X; = Xc” 


= 41.82 Q 
iic uro. 
Z 41.82 


(b) P = PR = (5.5 (39.26) 


= 1187.6 W 21.188 kW 


(c) Power factor = cos 6 E meg 0.939 
Z 41.92 


Since X, > Xç, this power factor is lagging. 


JEE Main and Advanced 


Previous Years' Questions (2018-13) 


JEE Main 


1. Three concentric metal shells A, Band C 
of respective radii a, b and c (a< b< c) 
have surface charge densities +0,- o and 
+o, respectively. The potential of shell B 


is (2018) 

(a) xls -b 4 e (b) eie -b 4 e 
£ a £, b 
c[b^-c ] olb -g ] 

SS E SEI z A 


2. A parallel plate capacitor of capacitance 
90 pF is connected to a battery of emf 
20 V. If a dielectric material of dielectric 


constant K = 3 is inserted between the 
plates, the magnitude of the induced 
charge will be (2018) 
(a)1.2nC (b)O3nC (c)24nC (d)O9nC 


3. In an AC circuit, the instantaneous emf 
and current are given by 


e=100sin30 t, i = 20 sin[20:- 7) 
In one cycle of AC, the average power 


consumed by the circuit and the wattless 
current are, respectively 


1000 

(a) 50 , 10 0-5 , 10 
50 

(c) 0 (d) 50,0 


4. Two batteries with emf 12 V and 13 V are 
connected in parallel across a load resistor 
of 10 O. The internal resistances of the 
two batteries are 1 O and 2 Q, respectively. 
The voltage across the load lies betwem8) 


(a) 11.6 V and 11.7 V (b) 11.5 V and 11.6 V 
(c) 11.4 V and 11.5 V (d) 11.7 V and 11.8 V 


5. An electron, a proton and an alpha 


particle having the same kinetic energy 
are moving in circular orbits of radii r,, r,, 
r, respectively, in a uniform magnetic field 
B. The relation between r,, 7,, r, is (2018) 
(herman 
(C) «r, «r, 


(b)r «r,-r, 
(d)r «r,«r, 


. The dipole moment of a circular loop 


carrying a current J, is m and the 
magnetic field at the centre of the loop is 
B,. When the dipole moment is doubled by 
keeping the current constant, the 
magnetic field at the centre of the loop is 
B,. The ratio B is 
B, (2018) 


(a) 2 (b) V3 (c) V2 (d) 


. For an R-L-C circuit driven with voltage of 


: 1 
amplitude v„ and frequency 0, = ——, 
°” JLC 
the current exhibits resonance. The 
quality factor, Q is given by (2018) 
oL @,R 
a) —— b) —2 
(a) H (b) n 
R R 
(c) (Es 
oC Wy 


. Ina potentiometer experiment, it is found 


that no current passes through the 
galvanometer when the terminals of the 
cell are connected across 52 cm of the 
potentiometer wire. If the cell is shunted 
by a resistance of 5 Q, a balance is found 
when the cell is connected across 40 cm of 
the wire. Find the internal resistance of 
the cell. (2018) 


(a)1Q (b)15Q (c)2Q (d)25a 


9. 


10. 


11. 


12. 


13. 


On interchanging the resistances, the 
balance point of a meter bridge shifts to 
the left by 10 cm. The resistance of their 
series combination is 1 KQ. How much 
was the resistance on the left slot before 


interchanging the resistances? (2018) 
(a)990Q (b)505Q (c)550Q (d)910Q 
In the below circuit, the current in each 
resistance is (2017) 

2V 2V 2V 

N |! 

Šia 1Q Šio 

==] |! 

2V 2V 2V 
(a)0.25A (b)O5A (c)OA  (d)1A 


When a current of 5 mA is passed through 
a galvanometer having a coil of resistance 
15 Q, it shows full scale deflection. The 
value of the resistance to be put in series 
with the galvanometer to convert it into a 
voltmeter of range 0-10 V is (2017) 


(a) 2.045 x 10° Q (b) 2535 x 10° Q 
(c) 4.005 x 10° Q (d) 1985 x 10° Q 


Which of the following statements is 

false? (2017) 

(a) In a balanced Wheatstone bridge, if the cell 
and the galvanometer are exchanged, the 
null point is disturbed 

(b) A rheostat can be used as a potential divider 

(c) Kirchhoff's second law represents energy 
conservation 

(d) Wheatstone bridge is the most sensitive 
when all the four resistances are of the same 
order of magnitude 


An electric dipole has a fixed dipole 
moment p, which makes angle 0 with 
respect to X-axis. When subjected to an 
electric field E, = Ei, it experiences a 
torque T, = tk. When subjected to another 
electric field E,= 3E, , it experiences a 
torque T, = - T,. The angle 0 is 


(a) 45? (b) 60° (c) 90° 


(2017) 
(d) 30° 
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14. A capacitance of 2 uF is required in an 


15. 


16. 


17. 


electrical circuit across a potential 
difference of 1kV. A large number of 1 uF 
capacitors are available which can 
withstand a potential difference of not 
more than 300 V. The minimum number 
of capacitors required to achieve this 1s 
(2017) 


(a) 16 (d) 2 


In the given circuit diagram, when the 
current reaches steady state in the 
circuit, the charge on the capacitor of 


(b) 24 (c) 32 


capacitance C will be (2017) 
E r 
| > 
p ] 
| 
C 
AWA 
T5 
(a) A b) CE —2 
Gtr Far) 
(c) CE 4 _ (d)CE 
(n r) 


In a coil of resistance 100 Q, a current is 
induced by changing the magnetic flux 
through it as shown in the figure. The 
magnitude of change in flux through the 
coil is (2017) 


10 


Current 
(A) 


1 


— Time 0.5 
(s) 


(a) 225 Wb (b) 250 Wb (c) 275 Wb (d) 200 Wb 


A galvanometer having a coll resistance of 
100 Q gives a full scale deflection when a 
current of 1 mÀ 1s passed through it. The 
value of the resistance which can convert 
this galvanometer into ammeter giving a 
full scale deflection for a current of 10 A, 
is (2016 ) 


(a)0.01Q (b)2Q (c)0.1Q (d)3Q 


Previous Years' Questions (2018-13) 


18. The region 21. 
between two 
concentric spheres 
of radii a and b, 
respectively (see Nd 
the figure), has 
volume charge 
density p = 2 
r 
where, Ais a constant and r is the 
distance from the centre. At the centre of 
the spheres is a point charge Q. The value 
of A, such that the electric field in the 
region between the spheres will be 
constant, is (2016 ) 
Q Q 
a) ——~ D)———— — 
(a) 2na? (b) 2n(b? — a?) 
2Q 2Q 
——M— M d 
na’ — b?) (d) na 
19. A combination of capacitors is set-up as 
shown in the figure. The magnitude of the 
electric field, due to a point charge Q 22 


20. 


(having a charge equal to the sum of the 
charges on the 4uF and 9uF capacitors), 
at a point distant 30 m from it, would 


equal to (2016) 
3uF 
4uF | | 
| sw 
Jie 23. 
JAH 
r 
8v 
(a) 240 N/C (b) 360 N/C 
(c) 420 N/C (d) 480 N/C 


Two identical wires A and B, each of 24. 


length l, carry the same current J. Wire A 
1s bent into a circle of radius R and wire B 
1s bent to form a square of side a. If B, 
and B, are the values of magnetic field at 
the centres of the circle and square 


respectively, then the ratio B, is 


(2016) 
x? x? x? x? 
5 Oez Ow sp 


Hysteresis loops for two magnetic 
materials A and Bare as given below: 


(2016) 
B B 


>H >H 


(A) (B) 


These materials are used to make 

magnets for electric generators, 

transformer core and electromagnet core. 

Then, it is proper to use 

(a) A for electric generators and transformers 

(b) A for electromagnets and B for electric 
generators 

(c) A for transformers and B for electric 
generators 

(d) B for electromagnets and transformers 


An arc lamp requires a direct current of 
10 A at 80 V to function. If it is connected 
to a 220 V (rms), 50 Hz AC supply, the 
series inductor needed for it to work 1s 


close to (2016) 
(a) 80 H (b) 0.08 H 
(c) 0.044 H (d) 0.065 H 


Arrange the following electromagnetic 
radiations in the order of increasing 
energy. 


A. Blue light 


(2016) 
B. Yellow light 


C. X-ray D. Radio wave 
(a) D, B, A, C (b) A, B, D, C 
(c)C, A, B, D (d) B, A, D, C 


When 5V potential difference is applied 

across a wire of length 0.1m, the drift 

speed of electrons is 2.5 x 10° fms™ . If the 

electron density in the wire is 8x 10? m^? 

the resistivity of the material 1s close to 
(2015) 

8)1.6x 10? Q -m 

b) 1.6x 107 Q-m 

c) 1.6x 105 Q -m 

) 


( 
( 
( 
(d) 1.6x 10° Q -m 
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25. 


26. 


27. 


28. 


In the circuit shown below, the current in 
the 1Q resistor is 


6V p 2 
1Q 9V 
ANN ANN | 
30 Q 30 (2015) 
(a) 1.3 A, from Pto Q (b) 0.13 A, from Q to P 


(c)OA (d) 0.13 A, from Pto Q 


A uniformly charged solid sphere of radius 
R has potential V, (measured with respect 
to œ) on its surface. For this sphere, the 


equipotential surfaces with potentials 
2V; S SVa and Vo have radius R, 
2 4 4 4 


R,, R}, and R, respectively. Then, 
(a) R, + 0and R, -R)> (R, - R) 
(b) R, = 0and R;> R, -R,) 

(c) 2R<R, 

(d) R, =0and R, < R, -R,) 


(2015) 


A long cylindrical shell carries positive 
surface charge o in the upper half and 
negative surface charge - o in the lower 
half. The electric field lines around the 
cylinder will look like figure given in 
(figures are schematic and not drawn to 
scale) (2015) 


In the given circuit, 
charge Q, on the 2uF 
capacitor changes as 
C is varied from 1 uF 
to 3uF. Q, as a 
function of Cis given 
properly by (figures 
are drawn schematically and are not to 
scale) (2015) 


29. 


30. 


31. 
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(8) Charge , (b) A Charge 
Qo i Qo 
: : - i A 
I 4 uF aur C 1 uF aur e 
Charge A Charge 
(c) |, : (d) Q2 
1 uF aur C 1 uF aur C 


Two coaxial solenoids of different radii 
carry current Jin the same direction. Let 
F, be the magnetic force on the inner 
solenoid due to the outer one and F, be the 
magnetic force on the outer solenoid due 
to the inner one. Then, (2015) 


(a) F, is radially outwards andF, = 0 

(b) F is radially inwards and F, is radially outwards 
(c) F, is radially inwards and F, = 0 

(d)E, =F, =0 

Two long current carrying 
thin wires, both with 
current J, are held by 
insulating threads of 
length L and are in 
equilibrium as shown in 
the figure, with threads 
making an angle 0 with 
the vertical. If wires have mass X per unit 
length then, the value of I is 


(g = gravitational acceleration) (2015) 
(a) 2sine |. ^9. (b) sine |. 7^9L 
u, cos 0 u, cos 0 
(c)2 |*9 tane (d) [mS tano 
Ho Ho 


A rectangular loop of sides 10 cm and 5 cm 
carrying a current J of 12 A is placed in 
different orientations as shown in the 
figures below. (2015) 


Previous Years' Questions (2018-13) 


32. 


33. 


34. 


35. 


If there is a uniform magnetic field of 0.3 T 
in the positive z-direction, in which 
orientations the loop would be in 

(i) stable equilibrium and (ii) unstable 
equilibrium? 

(a) (a) and (b) respectively 

(b) (b) and (d) respectively 

(c) (a) and (c) respectively 

(d) (b) and (c) respectively 


An inductor (L = 0.03 H) and a resistor 

(R = 0.15 kQ) are connected in series to a 
battery of 15V EMF in a circuit shown 
below. The key K, has been kept closed 
for a long time. Then at t = 0, K, is opened 
and key K, 1s closed simultaneously. At 
t= 1 ms, the current in the circuit will be 


(e? € 150) (2015) 
0.08H — 0.15 kQ 
DOO AWWW 
Ky 
ee 
15V 


(a) 100 mA (b) 67 mA (c) 0.67mA (d) 6.7 mA 


In a large building, there are 15 bulbs of 
40 W, 5 bulbs of 100 W, 5 fans of 80 W 
and 1 heater of 1 kW. The voltage of the 
electric mains is 220 V. The minimum 
capacity of the main fuse of the building 
will be (2014) 
(a) 8A (b) 10A (c) 12A (d) 14A 
Assume that an electric field E = 30x? i 
exists in space. Then, the potential 
difference V, — Vo, where V, is the 
potential at the origin and V, the 
potential at x= 2m is (2014) 
(a) 120J (b) —120J (c) -80J (d) 80J 

A parallel plate capacitor is made of two 
circular plates separated by a distance of 
5 mm and with a dielectric of dielectric 
constant 2.2 between them. When the 
electric field in the dielectric 1s 

3 x 10* V/m, the charge density of the 
positive plate will be close to (2014) 
(a) 6x 107 C/m? (b) 3 x10" C/m? 

(c) 3 x 10* C/m? (d) 6x 10* C/m? 


36. 


37. 


38. 


The coercivity of a small magnet where 
the ferromagnet gets demagnetised is 
3x 10? Am™. The current required to be 
passed in a solenoid of length 10 cm and 
number of turns 100, so that the magnet 
gets demagnetised when inside the 


solenoid is (2014) 
(a) 30 mA (b) 60 mA 
(c) 3A (d) 6A 


In the circuit shown here, the point C 1s 
kept connected to point A till the current 
flowing through the circuit becomes 
constant. Afterward, suddenly point C is 
disconnected from point A and connected 
to point B at time £ = 0. Ratio of the 
voltage across resistance and the inductor 


at t= L/ R will be equal to (2014) 
A/ C .R 
E L 
E 
(a) 2b) 1 (c)-1 — (3 8 
1- e 


A conductor lies along the z-axis at 

—-1.5€ z< 1.5 m and carries a fixed 

current of 10.0 A in —a, direction (see 

figure). 

For a field B= 30 x 10 * e ^", T, find the 

power required to move the conductor at 

constant speed to x = 20 m, y = Oin 

5x 10^s. 

Assume parallel motion along the x-axis. 
(2014) 
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39. 


40. 


41. 


42. 


This question has Statement I and 
Statement II. Of the four choices given 
after the statements, choose the one that 
best describes the two statements. (2013) 


StatementI Higher the range, greater 
is the resistance of ammeter. 


Statement II To increase the range of 
ammeter, additional shunt needs to be 
used across it. 

(a) If Statement | is true, Statement II is true; 
Statement Il is the correct explanation for 
Statement 

(b) If Statement | is true, Statement II is true; 
Statement Il is not a correct explanation for 
Statement 

(c) If Statement | is true; Statement II is false 

(d) If Statement | is false; Statement II is true 


The supply voltage in a room is 120 V. 
The resistance of the lead wires is 6 O. A 
60 W bulb is already switched on. What is 
the decrease of voltage across the bulb, 
when a 240 W heater 1s switched on in 
parallel to the bulb? (2013) 


(a) zero (D 2.9V  (c)13.3V (d)10.4V 


Two charges, each equal to q, are kept at 
x=- aand x= a on the x-axis. A particle 
of mass m and charge q, = 7 is placed at 
the origin. If charge q, is given a small 
displacement y(y<< a) along the y-axis, 
the net force acting on the particle is 
proportional to 


(b) = y 


(2013) 


Ql ql 


y y 


(a) y 


A charge Q is uniformly distributed over a 
long rod AB of length L as shown in the 
figure. The electric potential at the point 
O lying at distance L from the end Ais 


(2013) 
Oo A B 
E L >< L >| 
(jc (cm 
8n eL 4n £L 
E Q (d) Q In (2) 
4n €,L In (2) 4T £jL 


43. 


44. 


45. 


46. 


Electricity & Magnetism 


Two capacitors C, and C, are charged to 
120 V and 200 V respectively. It is found 
that by connecting them together the 
potential on each one can be made zero. 


Then (2013) 
(a)5C, 2 3C, (b) 3C, 2 5C, 
(c) 3C, 4 5C, 20 (d) 9C, = 4C, 


Two short bar magnets of length 1 cm 
each have magnetic moments 1.20 Am? 
and 1.00 Am’, respectively. They are 
placed on a horizontal table parallel to 
each other with their N poles pointing 
towards the South. They have a common 
magnetic equator and are separated by a 
distance of 20.0 cm. The value of the 
resultant horizontal magnetic induction 
at the mid-point O of the line joining their 
centres is close to (Horizontal component 
of the earth's magnetic induction 1s 

3.6x 10? Wb/m?) (2013) 


(a) 3.6 x 10? Wb /m^ (b) 2.56 x 10* Wb /m* 
(c) 3.50 x 10^ Wb /m* (d) 5.80 x 10% Wb /m* 


A circular loop of radius 0.3 cm lies 
parallel to a much bigger circular loop of 
radius 20 cm. The centre of the smaller 
loop is on the axis of the bigger loop. The 
distance between their centres is 15 cm. If 
a current of 2.0 A flows through the 
bigger loop, then the flux linked with 
smaller loop is (2013) 


(a) 9.1 x10" Wb (b) 6x 107 Wb 
(c) 3.3 x 10™ Wb (d) 6.6 x 10? Wb 


A metallic rod of length / 

1s tied to a string of | 
length 2/ and made to 

rotate with angular speed | | 

@ on a horizontal table 

with one end of the string fixed. If there 1s 
a vertical magnetic field Bin the region, 
the emf induced across the ends of the 


rod is (2013) 
2B œl? 3B of? 

a b 

(8) 5 (b) > 
4Bol* 5Bol* 


(c) (d) 


2 2 
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47. In a L-C-R circuit as shown below, both 
switches are open initially. Now, switch 
S, and S,, are closed. (q is charge on the 
capacitor and t= RC is capacitance time 
constant). Which of the following 


statement is correct? (2013) 
| 
V 
S1 
C 
www — | 
R " S2 
Lm 


(a) Work done by the battery is half of the 
energy dissipated in the resistor 


(b) Att 25, q- CV/2 
(c) Att=2t,q=CV (1- e?) 
(d) Att=7t/2,q=CV (1- e) 


48. The amplitude of a damped oscillator 


decreases to 0.9 times its original 
magnitude is 5 s. In another 10 s, it will 
decrease to o times its original 


magnitude, where a equals (2013) 
(a) 0.7 (b) 0.81 
(c) 0.729 (d) 0.6 


Answer with Explanations 


1. (b) Potential of B = Potential due to charge on 
A + Potential due to charge on B + Potential due to 
charge on C. 


y, - KQ, + Qs), KQ, 
2 : 
b C 
_ 1 |o4nzaà/ o4nb? , c4nc* 
4T£, b b E 


_ ofa? -b? c? o(a -b° 5 
É; b ^C £5 b 


2. (a) Magnitude of induced charge is given by 
Q’ = (K = 1)CV, 
= ($ - 1) 90x 10° x 20= 1.2x 1070 


= Q'-12nC 
3. (b) Given, e = 100sin30t 


and i = 20sin (so: -3) 


-. Average power , 
Pa = Vals COS 9 


rms rms 


_ 100 20 cos Z 1000 
49 2 4 42 


Wattless current is, 
l= bas SINO 


rms 


and T sions = 10A 
4. (b) ANN 


E, | Ee 

f, iP 
E = 2 
"a MES 

h R 

Tem 37 
E. =y 
" I,i s 

T 2 

Potential drop across 10 Q resistance, 
37 


zi E Jx10= 3 __x10=1156V 
total (10 +2 


V = 11.56 V 


8 


Alternative Method 


l 13V,2Q 
a | 
E < | I D 
| 12V, 10 
FL ++ ji 
A > ANNN B 
100 
Applying KVL, in loop ABCFA, 
12 + 10 (lh - l)e 1xIl, 20 
> 12 =11/, + 10/, 
Similarly, 
in loop ABDEA, 
13+ 10(, + /,)+2xl,=0 
> 13 2 10/, + 12/, 
Solving Eqs. (i) and (ii), we get 
pus-u puma 
16 32 
-. Voltage drop across 10 Q resistance is, 


V - 10 (Z + Z) = nisev 
16 32 


2 
5. (b) From Bqv = mv" we have 
r 


p= im _ vemK 
Bq Bq 


where, K is the kinetic energy. 
AS, kinetic energies of particles are same; 


4m Jm, 4m, 4m 
fre — >k: R=: : 1: p 

q e e 2e 
=r, andr, is least 
>k 


Clearly, 


So, f = 


[; [e m «mj 
I. 


6. (c) As m = IA, so to change dipole moment (current is 


kept constant), we have to change radius of loop. 


Initially, m = mR? and B, = Eo 
1 

Finally, m' 22m = InR 

=> 2InR? = InRZ 

or R, = V2R, 
| I 

B Pis ath 7 aa 
E 

Hence, ratio 8 =- E Ph _ = Je 

* (rin 

242R, 

-. Ratio Be 42 


2 


7 


8 


9. 


Electricity & Magnetism 


. (a) Sharpness of resonance of a resonant L-C-R circuit 
is determined by the ratio of resonant frequency with 
the selectivity of circuit. This ratio is also called 
"Quality Factor” or Q-factor. 


Q-factor = 2o = DE a d 
2A0 R œ CR 
» (b) With only the cell, 


On balancing, E= 52 xx (i) 
where, x is the potential gradient of the wire. 


When the cell is shunted, 


E 
| NY 
40 cm 
H G 
E 
R=50 
Similarly, on balancing, 
VeE-. 0. Lax ii) 
(R 4 r) 
Solving Eqs. (i) and (ii), we get 
MD NEN. 
V Q4 n 40 
R+r 
à E R+r_ 52 54r 52 
V R 40 5 40 
> r 2 Q > r=15Q 
2 
(c) We have, X + Y 21000 Q 
X Y=1000 -X 
ANN WW 
100 -/ 
| 00 


mE X _ 1000- X 
Initially, T Eo 


100 - / 
When X and Y are interchanged, then 
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10. 


11. 


12. 


13. 


Y-1000- X x 
ANN 


+— (/- 10) — =- (110-1 
1000- X _ X 
| — 10 100 - (/ — 10) 
1000-X X i) 
1—10 110-7 
From Eqs. (i) and (ii), we get 
100-/ 1-10 
| — 100-1 
(100 - /) 110- /) = (/-10)/ 
11000-100/ - 110/ + /? =/? 
> 11000 = 200/ 
i | = 55cm 
Substituting the value of / in Eq. (i), we get 
X 1000-55 
55 100-55 
> 20X = 11000 
X = 550 Q 


or 


10/ 


(c) A potential drop across each resistor is zero, so 
the current through each of resistor is zero. 


| Rs 
(d) For a voltmeter, x. (8) ANNA. 
l (Gc R)-V 
=> R= Ya G 
l V 


= R = 1985 = 1.985 kQ 


(a) In a balanced Wheatstone bridge, there is no effect 
on position of null point, if we exchange the battery 
and galvanometer. So, option (a) is incorrect. 


or R = 1.985 x 10° Q 


(b) Torque applied on a Y 

dipole t = pE sin 8 

where 0 = angle p 
between axis of dipole 90-0 


and electric field. 
>X 


For electric field E, = Ei 
it means field is directed 
along positive X direction, so angle between dipole 
and field will remain 0, therefore torque in this direction 

E, = pE,sin0 
In electric field E, = V3 Ej, it means field is directed 
along positive Y-axis, so angle between dipole and 
field will be 90 — 8 
Torque in this direction 7, = pE sin (90 — 0). 

= p43 E, cos 0 


According to question v, =- t, >|t,| =| «| 
B pE, sin 0 = pJ3 E, cose 
tan0 = V3 = tan 0 = tan 60° 

0 = 60° 


14. (c) Let there are n capacitors in a row with m such 


15. 


17. 


rows in parallel. 


HH HES 


V=1.0kV 
As voltage not to exceed 300 V 
n x 300» 1000 


[a voltage greater than 1 kV to be withstand] 
10 


> aes => n= 4 (or 3.33) 
Also, Ca = spur 
n 
> m.5.5m-8 [:Co2dnF] 


n 

So, total number of capacitors required 
=mxn=8x4= 32 

(b) In steady state no current flows through the 

capacitor. 

So, the current in circuit / = 


r+h 

*- Potential drop across capacitor = Potential drop 
Er, 

rtr 


-. Stored charge of capacitor, Q = CV = CER 


r+ 


across r, zd- 


» (b) Induced constant, / = = 


ae 


Here, e = induced emf = 


i7 ( 2) 
R \at) R 


= dé =/Rat 
= [iat 
Here, R is constant > ọ = RÍ lat 
| /-dt = Area under /- t graph 
= 5 10x 05 =25 
p = R x 2.5= 100 x 2.5= 250 Wb. 


10 


S 
— —NNNNNIN 
1— lg 
a — 
y © 


In parallel, current distributes in inverse ratio of 
resistance. Hence, 


E - _ Gl, 
k S I 
As l, is very small, hence 

-3 

S _ Gl, m p = (100) (1 x 10 ) 0019 
I 10 
18. (a) As E is constant, 
Hence, E, - E, 


As per Guass theorem, only Q, contributes in electric 


field. 
b A 
k|Q«^ | 4nr'dr. — 
io Fl l t] 
a? b? 
Here, k= 1 
4T£, 
2 2|P 2 2 
= QP =Q+ara 0 |-Qe4aA.| P 2 
a 2h 2 
b* 2 2 
=> Q| — |=Q+27A(bf -a^) 
a 
2 
= 6)" 2 |=2rA(b?-2?) ee È 
a? 2 na* 


19. (c) 3uF and 9uF = 12uF 


4x12 _ 


4uF and 12uF = ——— = 3uF 
e n 4 4 12 " 


Q «CV = 3x8 = 24uC (on 4uF and 3uF ) 
Now, this 24uC distributes in direct ratio of capacity 


between 
3uF and 9uF. Therefore, 
Q oye = 18uC 
* Qa + Qo yp = 24418 = 42uC =Q (say) 


_ kQ_ 9x10? x 42 x 10? 
R? 30° 


E = 420 N/C 
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20. (d) B at centre of a circle = a 
B at centre of a square 
=4x W j [sin 45? + sin45°]= 44/2 Hol 
Age: 2mnl 
2 
L È 
Now, R=—andl== (as L 2 2 nH = 4l) 
2n 4 
where, L= length of wire. 
B, = Bd emu _ ul 
o. b. L L 
2n 
B, = 42 Ho = 8J2uy _ S [uu] 


ex(4) nL T 
4 


21. (d) We need high retentivity and high coercivity for 
electromagnets and small area of hysteresis loop for 
transformers. 


22. (d) V? = V? + V? = 220° = 80° + V? 


Solving, we get 


V, = 205 V 
i V dus 20.5 Q = @L 
I 10 
= 905 .0005H 
27x 50 
23. (a) Theoretical question. Therefore, no solution is 
required. 
: V V 
24. (c) i 2 neAv, or — = neAv, => = neAv, 
MENO 
A 
p- = resistivity of wire 
nelv, 
Substituting the given values we have 
B 5 
(8 x 10? (16 x 10°'°)(0.1)(2.5 x 10? 
= 16x10? Q-m 
25. (b) 
i+ ip 


30 Q 30 


Applying Kirchhoff's loop law in loops 1 and 2 in the 
directions shown in figure we have 
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26. 


27. 


28. 


6- 30, + i-i, =0 ...(i) 
9-2), + /,—3/, 20 ...(i) 
Solving Eqs. (i) and (ii) we get, 


i, = 013A 
Hence, the current in 1 Q resister is 0.13 A fromQ to P. 
(b, c) V, = potential on the surface = ng 
where, K = and q is total charge on sphere. 


4n£, 


Potential at centre = ski- Sv 
2 R 


2 
Hence, R, = 0 


From centre to surface potential varies between : Vo 


and V, From surface to infinity, it varies between V, 
and 0, m will be potential at a point between centre 


and surface. At any point, at a distance r(r € R) from 
centre potential is given by 


= K (ir = z^) 
R°\2 2 
1 


no 


V (3 p2 "| 
=| —R*--—r as V, = 
ae 3 eek ae 
Putting V = ae andr = R, in this equation, we get 
R 
R,2— 
2 JB 


m and 5 are the potentials lying between V, and 


zero hence these potentials lie outside the sphere. At 
a distance r(2 R) from centre potential is given by 
Vs WE oe 
r r 
Putting V = HZ andr = R, in this equation we get, 
Bet 
3 
Further putting V = “and r = R, in above equation, 


we get 
Thus, R, = 0,R, = 


R,=4R 


Be Z and R, = 4R with 


T 


these values, option (b) and (c) are correct. 


(d) Electric field lines originate from position charge 
and termination negative charge. They cannot form 
closed loops and they are smooth curves. Hence the 
most appropriate answer is (d). 


(a) Resultant of 1 uF and 2 uF is 3 uF. Now in series, 


potential difference distributes in inverse ratio of 
capacity. 


Vas _ 
3 


C 
or M. = E 
V, ka (c * ;| 


29. 


30. 


31. 


11 


This is also the potential difference across2 pF. 
^ Q, =(2 LF) (Vous) 


2CE 2 
or Q; = E E 
: (25 | 143 
C 


+ 


From this expression of Q,, we can see that Q, will 
increase with increase in the value ofc (but not linearly). 
Therefore, only options (a) and (b) may be correct. 


d Qa «28€ + dh 6E 
dc (C + 3X (C + 3f 


= Slope of Q, versus C graph. 


Further, 


i.e. slope of Q, versus C graph decreases with 
increase in the value of C. Hence, the correct graph 
is (a). 


500000 0 
If we calculate the force on inner solenoid. Force onQ 
due to P is outwards (attraction between currents in 
same direction. Similarly, force on R due toS is also 
outwards. Hence, net force F, is zero) 
Force on P due to Q and force on S due to R is 
inwards. Hence, net force F, is also zero. 
Alternate Thought Field of one solenoid is uniform 
and other solenoid may be assumed a combination of 
circular closed loops. In uniform magnetic field, net 
force on a closed current carrying loop is zero. 


(a) 
r= Lsing 


F = Magnetic force 


(repulsion) per unit length 
-Bof Mo fü 
272r 4r Lsinð àg 


Ag = weight per unit length 


Each wire is in equilibrium under three concurrent forces 
as shownin figure. Therefore, applying Lami's theorem. 


uo fl 
F _ rg or 4mLsine _ Ag 
sin(180 — 0)  sin(90 + 0) sind cos8 


| 2 2sin0 TAL 
119 c0s0 


(b) Direction of magnetic dipole moment M is given by 
screw law and this is perpendicular to plane of loop. 


12 


32. 


33. 


34. 


35. 


36. 


In stable equilibrium position, angle between M and B 
is 0° and in unstable equilibrium this angle is 180°. 


(c) Steady state current į, was already flowing in the 


L-R circuit when K, was closed for a long time. Here, 


Now, K, is opened and K, is closed. Therefore, this /, 
will decrease exponentially in the L-R circuit. Current i 
4 


at timet will be given by į = iṣe"! 
L 


-Rt 


where, tq => > izigt 
R 
Substituting the values, we have 
~(0.15 x10?)(103) 
i-(0te (59 = (0:1)(e ^) 
=e 6.67 x 10^ A 
150 
= 0.67 mA 


(c) Total power (P) consumed 
= (15 x 40) + (5 x 100) + (5 x 80)+ (1 x 1000) 


= 2500W 
As we know, 
Power Pow = des 184154 
220 1 


Minimum capacity should be 12 A. 


(c) As we know, potential difference V, — V, is 


dV = — Edx 
Va 2 x E 
= jav--|30Xd« = V, -V =-30x 
V 0 3 0 
10 x [2° - (0)°] 10x 8=-80 J 


(a) When free space between parallel plates of 
capacitor, E = S 
E€ 


When dielectric is introduced between parallel plates 


of capacitor, E’= 28s 
Ke, 


Electric field inside dielectric, a = 3 x 10 
€ 


0 


where, K = dielectric constant of medium = 2.2 
£, = permitivity of free space = 8.85 x 10°” 
—60222x885x10 7 x 3x 10 
= 66x 885 x 10°= 5841 x 1072 6 x 107 C/m* 


For solenoid, the magnetic field needed to be 

magnetised the magnet. B= unl 

where, n = 100, / = 10cm 1 m=01m 
100 


A 8x1 =x] + 128A 
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37. (c) After connecting C to B hanging the switch, the 
circuit will act like an L-R discharging circuit. 


R 
WW 


C Of 


Applying Kirchhoff's loop equation, 
V + V, =0 > Vp, V > 


V, 
38. (b) When force exerted on a current carrying 


conductor F.., = BIL 
Average power = Work done 
Time taken 


ace dm 
P=_[F,, -dx= 7 [ BIL ox 
[5 ty 


2 
= le x 107e?* x 10 x 3dx 
0 


5x10? 
1 


eo^ 


9[1—-e-*] of: | 2.967 = 2.97 W 
39. (d) Statement | is false and Statement II is true. 
2 
40. (d) As, P= V. 
R 


where, P — power dissipates in the circuit, 
V — applied voltage, 
R = net resistance of the circuit 


R= a = 240 Q [resistance of bulb] 
2400 60 
RM We TST ANNANNINP- 
2400 
> 600 
|! | 
120V 120V 
480 60 540 
=> 
| ji 
120V 120V 
R, =240+6=24669 >» i=“ =12 
Reg 246 
[before connecting heater] 
R= ve _ 120 x 120 
R 240 
=> R=602 [resistance of heater] 
So, from figure, 


240 


V, == x120 = 117.073 V [- V = IR] 
246 
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S Odes ay 29449-40088 Y 
R, 54 54 
V — V, = 10.04 V 
41. (a) F a =2F cose 
y 
-q/2 
R9 9E 
T ~~ x 
eared mana É 
_ 2kqq@/2) y 
net 
(fy? " a’? Vy’ La? 
< > 
Fa SEHE 0/2) y F sin0 F sin 
wn 2F cos0 
ka? cos 
A ae 
a 
42. (d) ^ L >< L >| 


o0 —— —4 AM 
4 x A >| AX « 


L X 


We ?L kdQ _ pat KS) os z Q 2L ( 
I, x | 4TE,L I, (=) 
Q 


= log, xf = Q log, 2L — log, L 
mm Ge x]. ier De ge L] 
= 2 ing) 

4n£gjL 


43. (b, c) Polarity should be mentioned in the question. 


Potential on each of them can be zero if, Qae = 0 
or g,+q9,=0 
or 120C, + 200C, =0 or 3C, + 5C, =0 


44. 


45. 


46. 


47. 


48. 
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(b) B, = B, + B, + B, 
N 
By 
Bi 
S B S 
N 3 N 
s 
B = Ho (M; +M), p 
ae D H 
-7 
y ot 3.6x 105 = 2.56x 10“ Wb / m? 


(a) Magnetic field at the centre of smaller loop 

B- BoP: 

2(R2 + x?y? 

Area of smaller loopS = aR? 

<. Flux through smaller loop @ = BS 

Substituting the values, we get, 6 = 9.1x 10" Wb 
T [3 — QJ] _ 5Bof* 


(d)e - D (ox) Box = B 


2 2 
o 2l I 

E 
H— x — dx 


(c) For charging of capacitorg = CV (1 — e'*) 
A t=2t; q 2CV(1- e^) 

(c) Amplitude decreases exponentially. In 5 s, it 
remains 0.9 times. Therefore, in total 15 s it will 
remains (0.9) (0.9) (0.9) 2 0.729 times its original 
value. 


JEE Advanced 


1. In the figure below, the switches S, and S, 


are closed simultaneously at t= 0 and a 
current starts to flow in the circuit. Both 
the batteries have the same magnitude of 
the electromotive force (emf) and the 
polarities are as indicated in the figure. 
Ignore mutual inductance between the 
inductors. The current J in the middle 
wire reaches its maximum magnitude T pax 
at time t= t. Which of the following 
statements is (are) true? 

(More than One Correct Option, 2018) 


R È R 2L 
AMY — 0000" AMY — 0000" 
Vm vl y 
me v$; 
V V 
d sse es by =n 
( ) max 2R ( ) max AR 
icy ee Ep (diss = tn b 
R R 
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2. 


Two infinitely long straight wires lie in 
the xy-plane along the lines x= +R. The 
wire located at x = +R carries a constant 
current J and the wire located at x = -R 
carries a constant current I,. A circular 
loop of radius R is suspended with its 
centre at ( 0, 0,V3R ) and in a plane 


parallel to the xy-plane. This loop carries 
a constant current J in the clockwise 
direction as seen from above the loop. The 
current in the wire 1s taken to be positive, 
if it is in the +j-direction. Which of the 
following statements regarding the 
magnetic field B is (are) true? 
(More than One Correct Option, 2018) 
(a) If /, = /,, then B cannot be equal to zero at the 
origin (0,00) 
(b) If /, > Oand /, < 0, then B can be equal to zero 
at the origin (0,0,0) 
(c) If /, < Oand /, > 0, then B can be equal to zero 
at the origin (0,00) 
(d) If /, =/,, then the z-component of the 
magnetic field at the centre of the loop is 


(3) 


Three identical 


capacitors C, , C, OR 4 

and C, have a SN 

capacitance of gem C, F Cs 
1.0uF each and N 

they are i "ME 
uncharged 


initially. They are 

connected 1n a circuit as shown in the 
figure and C, is then filled completely 
with a dielectric material of relative 
permittivity £,. The cell electromotive 
force (emf) V, = 8V. First the switch S, is 
closed while the switch S, is kept open. 
When the capacitor C, is fully charged, S, 
is opened and S, is closed simultaneously. 
When all the capacitors reach equilibrium, 
the charge on C, is found to be 5uC. The 
value of £, 2... (Numerical Value, 2018) 


In the xy-plane, the region y> Ohas a 
uniform magnetic field Bk and the region 
y< Ohas another uniform magnetic field 


6. 
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Bk. A positively charged particle is 
projected from the origin along the 
positive Y-axis with speed v, = x ms ! at 
t = 0, as shown in figure. Neglect gravity 
in this problem. Let t = T be the time 
when the particle crosses the X-axis from 
below for the first time. If B, = 4B, the 
average speed of the particle, in ms'!, 
along the X-axis in the time interval T 


e " (Numerical Value, 2018) 
Y 
Bi 
Vo7x me^ 
—— 5; X 


An infinitely long thin 
non-conducting wire is 
parallel to the Z-axis 
and carries a uniform 
line charge density A. It 
pierces a thin 
non-conducting spherical 
shell of radius R in such 
a way that the arc PQ 
subtends an angle 120? at the centre O of 
the spherical shell, as shown in the 
figure. The permittivity of free space is £,. 
Which of the following statements is (are) 
true? (More than One Correct Option, 2018) 
(a) The electric flux through the shell is /3 PA / ej. 
(b) The z-component of the electric field is zero. 
at all the points on the surface of the shell. 
(c) The electric flux through the shell is /2 FA / £. 
(d) The electric field is normal to the surface of 
the shell at all points. 


A particle of mass 10 ?kg and charge 1.0 C 
is initially at rest. At time £ = 0, the 
particle comes under the influence of an 
electric field E (t) = E, sin ot i, where 
E, - L0NC' and o = 10? rad s^. Consider 
the effect of only the electrical force on 
the particle. Then, the maximum speed in 
ms’, attained by the particle at 
subsequent times is .......... i 

(Numerical Value, 2018) 
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7. 


A moving coil galvanometer has 50 turns 
and each turn has an area 2 x 10 m^. The 
magnetic field produced by the magnet 
inside the galvanometer 1s 0.02 T. The 
torsional constant of the suspension wire 
is10 ^N - mrad^'. When a current flows 
through the galvanometer, a full scale 
deflection occurs, if the coil rotates by 

0.2 rad. The resistance of the coil of the 


galvanometer is 50 Q. This galvanometer 
1s to be converted into an ammeter 
capable of measuring current in the range 
0 — 1.0 A. For this purpose, a shunt 
resistance 1s to be added in parallel to the 
galvanometer. The value of this shunt 
resistance in ohms, is ............. : 

(Numerical Value, 2018) 


The electric field E 1s measured at a point 
P (0,0, d) generated due to various charge 
distributions and the dependence of E on 
d is found to be different for different 
charge distributions. List-I contains 
different relations between E and d. 
List-II describes different electric charge 
distributions, along with their locations. 
Match the functions 1n List-I with the 
related charge distributions in List-II. 
(Matching Type, 2018) 


List-l List-ll 
P. Eis 1. A point charge Q at the origin 
independent 
ofd 
pal 2. A small dipole with point 
charges Q at (0, 0, /) and - Q at 
(0, 0, — 1). (Take, 2/ << d) 
bog. 3. An infinite line charge 


g? coincident with the X-axis, with 
uniform linear charge density A. 


. Two infinite wires carrying a 

d? uniform linear charge density 
parallel to the X- axis. The one 
along (y = 0, z = /)has a 
charge density + 4 and the 
one along (y = 0, z = — /)has a 
charge density — A. (Take, 

21 «« a). 


5. Infinite plane charge coincident 
with the xy-plane with uniform 
surface charge density. 


10. 
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(a) P> 5; Q> 3,4; R> 5; S22 
(DP5;Q—3; Ro91,4; 822 
(c)P35;Q53, Ro91,2;8954 
(d) P> 4; Q> 2,3; R> 1; 855 


Passage (Q. Nos. 9-10) 


Consider a simple RC circuit as shown in 
Figure 1. 


Process 1 In the circuit the switch S is 
closed at t=0 and the capacitor is fully 
charged to voltage V, (ie. charging 
continues for time T >> RC). In the process 
some dissipation (Ep) occurs across the 
resistance R. The amount of energy finally 
stored in the fully charged capacitor is E.. 


Process 2 In a different process the 


voltage is first set to Es and maintained for 


a charging time T >> RC. Then, the voltage 


== 0 


is raised to without discharging the 


capacitor and again maintained for a time 
T >> RC. The process is repeated one more 
time by raising the voltage to V, and the 
capacitor is charged to the same final 
voltage V, as in Process 1. These two 
processes are depicted in Figure 2. 


(Passage Type, 2017) 


Process 1 


Figure 1 Figure 2 


In Process 1, the energy stored in the 
capacitor E. and heat dissipated across 
resistance E, are related by 
(a) E, = E,In2 (b) E, = E, 

1 
(c) E, = 2E, (d)E, = -E, 


In Process 2, total energy dissipated 
across the resistance E, is 


(a) E, = (zev) (b) E, = (zcv) 


4 
(d) E, = 505 
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Directions (Q.Nos. 11 to 13) Matching the 
information given in the three columns of the 
following table. 


A charged particle (electron or proton) is 
introduced at the origin (x20, y 20, z=0) 
with a given initial velocity v. A uniform 
electric field E and a uniform magnetic field 
B exist everywhere. The velocity v, electric 
field E and magnetic field B are given in 
columns 1, 2 and 3, respectively. The 
quantities Hy, By are positive in magnitude. 

(Matching Type, 2017) 


Column 1 Column 2 Column 3 
() Electron with (i) E= Ez (P) B=- B% 
v =2—0x 
By 
(ll) Election with (i) E=-E,y (Q) B2 Byx 
v= 09 
0 
(I) Proton with (ii) E=-E,x (R) B= Buy 
v=0 
(IV) Proton with (iv) E=E x (S) B = B,2 
E. 
v 22-0 X 
0 
11. In which case would the particle move in a 


12. 


13. 


14. 


straight line along the negative direction 
of Y -axis? 

(a) (IV) (ii) (S) (b) (II) (iii) (Q) 

(c) (III), (ii) (R) (d) (II) (ii) (P) 


In which case will the particle move in a 
straight line with constant velocity? 

(a) (II) (iii) (S) (b) (II) (iii) (P) 

(c) (IV) (i) (S) (d) (II) (ii) (R) 


In which case will the particle describe a 
helical path with axis along the positive 

z-direction? 
(a) (II) (ii) (R) 
(c) (IV) (i) (S) 


A symmetric star 
shaped conducting 
wire loop is carrying 
a steady state 
current J as shown 
in the figure. The 
distance between the 
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diametrically opposite vertices of the star 
is 4a. The magnitude of the magnetic field 
at the center of the loop is 

(Single Correct Option, 2017) 


(a) Hol a3 - 1] (b) Ho! 6/3 + 4] 
4na 


4na 
(c) Ho! 313 - 1) (a) Ho! apo — V3] 
4ra 4na 


A uniform magnetic field B exists in the 


region between x = 0 and x= di (region 2 


in the figure) pointing normally into the 
plane of the paper. A particle with charge 
+Q and momentum p directed along 
X-axis enters region 2 from region 1 at 
point P, (y =- R). 

Which of the following option(s) is/are 
correct? (More than One Correct Option, 2017) 


Region 1 : Region 2 Region 3 


o 
> 
X xX X X X 
U 
x 


X X X X X X XK X 
2 CISCO E er ec dae das 


X Xx x 


(a) When the particle re-enters region 1 through 
the longest possible path in region 2, the 
magnitude of the change in its linear 
momentum between point P, and the farthest 
point from Y -axis is P 


a2 
(b) For B = p the particle will enter region 3 
13 QR 


through the point P, on X-axis 


(c) ForB > a P. the particle will re-enter region 1 
3 QR 


(d) For a fixed B, particles of same charge Q and 
same velocity v, the distance between the 
point P, and the point of re-entry into region 1 
is inversely proportional to the mass of the 
particle 


Previous Years' Questions (2018-13) 


16. 


17. 


18. 


In the circuit shown, L- 14H, C=1uF 
and R = 1 kQ. They are connected in series 
with an AC source V = V, sinot as shown. 
Which of the following options is/are 
correct? (More than One Correct Option, 2017) 


L-1uH C-1uF g-4ko 
{| WW 


CJ Vasin ot 


(a) At ~ Othe current flowing through the circuit 
becomes nearly zero 

(b) The frequency at which the current will be in 
phase with the voltage is independent of R 

(c) The current will be in phase with the voltage if 
@=10' rads"! 

(d) Atw>> 10° rads“', the circuit behaves like a 
capacitor 


A circular insulated copper 
wire loop is twisted to form 
two loops of area A and 2A 
as shown in the figure. At 
the point of crossing the 
wires remain electrically 
insulated from each other. 
The entire loop lies in the 
plane (of the paper). A 
uniform magnetic field B 
points into the plane of the paper. At 
t = 0, the loop starts rotating about the 
common diameter as axis with a 
constant angular velocity œ in the 
magnetic field. Which of the following 
options is/are correct? 
(More than One Correct Option, 2017) 
(a) the emf induced in the loop is proportional to 
the sum of the areas of the two loops 
(b) The rate of change of the flux is maximum 
when the plane of the loops is perpendicular 
to plane of the paper 
(c) The net emf induced due to both the loops is 
proportional to cos wt 
(d) The amplitude of the maximum net emf 
induced due to both the loops is equal to the 
amplitude of maximum emf induced in the 
smaller loop alone 


A source of constant voltage V is 
connected to a resistance R and two ideal 
inductors L, and L, through a switch S as 


20. 


shown. There is S y 
no mutual 
inductance "V Li< Lo 


between the two 
inductors. The 
switch S is initially open. At t = 0, the 
switch is closed and current begins to 
flow. Which of the following options is/are 
correct? (More than One Correct Option, 2017) 


(a) After a long time, the current through L, will 
V| L, 
e— 
R\L+h 
(b) After a long time, the current through L, will 
V L 


(c) The ratio of the currents through 4 and L, is 
fixed at all times (t > O) 

(d) At / 0, the current through the resistance R 
is — 


The instantaneous voltages at three 
terminals marked X, Y and Z are given 


by V, = V, sino, Vy - V; sin[r " =) and 


TEA snl o + =a 


An ideal voltmeter is configured to read 
rms value of the potential difference 
between its terminals. It is connected 
between points X and Y and then between 
Y and Z. The reading(s) of the voltmeter 
will be (More than One Correct Option, 2017) 


i 
(a) VY = «i 
(b) v? = «s 


(c) independent of the choice of the two terminals 
(d) VY =% 


An infinite line charge of uniform electric 
charge density X lies along the axis of an 
electrically conducting infinite cylindrical 
shell of radius R. At time t= 0, the space 
inside the cylinder is filled with a 
material of permittivity e and electrical 
conductivity o. The electrical conduction 
in the material follows Ohm's law. Which 
one of the following graphs best describes 
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the subsequent variation of the magnitude 
of current density j (t) at any point in the 
material? (Single Correct Option, 2016) 


Kt) Kt) 
^ 


(a) (d) 


(0, 0) (0, 0) 


In the circuit shown below, the key is 
pressed at time ¢ = 0. Which of the following 
statement(s) 1s (are) true? 

(More than One Correct Option, 2016) 


of SS 


Sa +E 

Key | 

(a) The voltmeter display —5 V as soon as the key 
is pressed and displays +5 V after a long time 

(b) The voltmeter will display O V at time t = In 2 
seconds 

(c) The current in the ammeter becomes 1/e of 
the initial value after 1 second 

(d) The current in the ammeter becomes zero after 
a long time 


Passage (Q. Nos. 22-23) 


Consider an evacuated cylindrical chamber 
of height h having rigid conducting plates at 
the ends and an insulating curved surface 
as shown in the figure A number of 
spherical balls made of a light weight and 
soft material and coated with a conducting 
material are placed on the bottom plate. The 
balls have a radius r<<h. Now, a high 
voltage source (HV) connected across the 
conducting plates such that the bottom plate 
is at +V, and the top plate at -V,. Due to 


22. 


23. 


24. 
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their conducting surface, the balls will get 
charge, will become equipotential with the 
plate and are repelled by it. 


The balls will 
eventually collide 
with the top plate, 
where the 
coefficient of 4] 
restitution can be 
taken to be zero due 
to te soft nature of 
the material of the balls. The electric field in 
the chamber can be considered to be that of a 
parallel plate capacitor. Assume that there 
are no collisions between the balls and the 
interaction between them is negligible. 
(Ignore gravity) (Passage Type, 2016) 


HV 


Which one of the following statements is 

correct? 

(a) The balls will execute simple harmonic 
motion between the two plates 

(b) The balls will bounce back to the bottom plate 
carrying the same charge they went up with 

(c) The balls will stick to the top plate and 
remain there 

(d) The balls will bounce back to the bottom plate 
carrying the opposite charge they went up with 


The average current in the steady state 

registered by the ammeter in the circuit 

will be 

(a) proportional to V? 

(b) proportional to the potential V 

(c) zero 

(d) proportions to V}? 

An incandescent bulb has a thin filament 

of tungsten that is heated to high 

temperature by passing an electric current. 

The hot filament emits black-body radiation. 

The filament is observed to break up at 

random locations after a sufficiently long 

time of operation due to non-uniform 

evaporation of tungsten from the filament. 

If the bulb is powered at constant voltage, 

which of the following statement(s) is (are) 

true? (More than One Correct Option, 2016) 

(a) The temperature distribution over the filament 
is uniform 

(b) The resistance over small sections of the 
filament decreases with time 
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26. 


(c) The filament emits more light at higher band 
of requencies before it breaks up 

(d) The filament consumes less electrical power 
towards the end of the life of the bulb 


A conducting loop in the shape of a right 
angled isosceles triangle of height 10 cm 
1s kept such that the 90? vertex is very 
close to an infinitely long conducting wire 
(see the figure). The wire 1s electrically 
insulated from the loop. The hypotenuse 
of the triangle 1s parallel to the wire. The 
current in the triangular loop is in 
counter- clockwise direction and increased 
at a constant rate of 10 As !. Which of the 
following statement(s) is (are) true? 

(More than One Correct Option, 2016) 


(a) There is a repulsive force between the wire 
and the loop 

(b) If the loop is rotated at a constant angular 
speed about the wire, an additional emf of 
(Ho / x) volt is induced in the wire 

(c) The magnitude of induced emf in the wire is 


Ho) volt 
T 


(d) The induced current in the wire is in opposite 
direction to the current along the hypotenuse 


Consider two identical galvanometers and 
two identical resistors with resistance R. 
If the internal resistance of the 
galvanometers R,< R/2, which of the 
following statement(s) about anyone of 
the galvanometers is (are) true? 
(More than One Correct Option, 2016) 
(a) The maximum voltage range is obtained when 
all the components are connected in series 
(b) The maximum voltage range is obtained when 
the two resistors and one galvanometer are 
connected in series, and the second 
galvanometer is connected in parallel to the 
first galvanometer 
(c) The maximum current range is obtained when 
all the components are connected in parallel 
(d) The maximum current range is obtained 
when the two galvanometers are connected 
in series, and the combination is connected 
in parallel with both the resistors 
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28. 
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Two inductors L, (inductance 1mH, 
internal resistance 3Q) and L, 
(inductance 2 mH, internal resistance 
4Q), and a resistor R (resistance 12 Q) 
are all connected in parallel across a 5V 
battery. The circuit is switched on at time 
t= 0. The ratio of the maximum to the 
minimum current (/,,,/ Imin) drawn from 


: max’ ^ min 
the battery is (Single Integer Type, 2016) 


A rigid wire loop of square shape having 
side of length L and resistance R is 
moving along the x-axis with a constant 
velocity Up in the plane of the paper . 

At t= 0, the right edge of the loop enters a 
region of length 3L where there 1s a 
uniform magnetic field B, into the plane of 
the paper, as shown in the figure. For 
sufficiently large u,, the loop eventually 
crosses the region. Let x be the location of 
the right edge of the loop. Let v(x), I(x) 
and F(x) represent the velocity of the loop, 
current in the loop, and force on the loop, 
respectively, as a function of x. Counter- 


clockwise current is taken as positive. 
(More than One Correct Option, 2016) 


XXXXXXXX 
XXXXXXXXX 
XXXXXXXx 
xXx 


RE 


eb eh ex x 


x 
x 
x 
IX xX XX XX x| 
XX X X XX LX K XXX XDXX XX X X X 
DX XX XX KX SX KK KK XK KK K KK 
IX XX XXX SK KK KK XK KK KK X 
XX XX KK | KX KK KK XK KK KKK 


XXXXXXXXXXXxx 


x XXX KK KK KKK KK KKK KKK XK 


Vo— XXXXXXXXXXXXXXXXXXXX 


xX KK KK KK KK KK KK KK KK KK 
xxx XK KKK KKK KKK KKK KKK 


0 L 2L 3L 4L 


Which of the following schematic plot(s) is 
(are) correct? (Ignore gravity) 


X 


F(x) Kx) 
0 TL oL SL 4L ^ (b)| : 9L 4L y 
o L3 17 
V(x) NO 
Vo PB 
(d) : 
0 LoL sl 4. 


x 
O L 2LSL 4L 
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An infinitely long uniform line charge 
distribution of charge per unit length A 
lies parallel to the y-axis in the y-z plane 


atz= Z a (see figure). If the magnitude 

of the flux of the electric field through the 

rectangular surface ABCD lying in the x-y 
L 


plane with its centre at the origin is — 
n£o 


(£g = permittivity of free space), then the 
value of nis — 6) (Single Integer Type, 2015) 


Consider a uniform 
spherical charge 
distribution of radius 
R, centred at the 
origin O. In this 
distribution, a 
spherical cavity of 
radius R,, centred at 
P with distance OP = a= R, — R, (see 
figure) is made. If the electric field inside 
the cavity at position r is E(r), then the 
correct statement(s) is/are 

(Single Correct Option, 2015) 


(a) E is uniform, its magnitude is independent of 
R, but its direction depends on r 

(b) E is uniform, its magnitude depends on R, 
and its direction depends on r 

(c) E is uniform, its magnitude is independent of 
‘a but its direction depends on a 


(d) Eis uniform and both its magnitude and 
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direction depend on a 


A parallel plate capacitor having plates of 
area S and plate separation d, has 
capacitance C; in air. When two 
dielectrics of different relative 
permittivities (€, = 2 and £, = 4) are 
introduced between the two plates as 


32. 
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d/2 


shown in the figure, 
the capacitance 
becomes C,. The 


ratio —2 is 


<«—d— 


(Single Correct Option, 2015) 


In an aluminium (Al) bar of square cross 
section, a square hole is drilled and is 
filled with iron (Fe) as shown in the 
figure. The electrical resistivities of Al 
and Fe are 2.7 x 10 ? Qm and 


10x107 Qm, respectively. The electrical 


resistance between the two faces P and Q 
of the composite bar is 
(Single Correct Option, 2015) 


In the following circuit, the current 
through the resistor R(= 2Q)is I 
amperes. The valuaSifn£isInteger Type, 2015) 


R(-29) 10 
ANNA 


6.5V—— 
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The figures below depict two situations in 
which two infinitely long static line 
charges of constant positive line charge 
density à are kept parallel to each other. 


4----æ—----}>xX 
+q =q 


In their resulting electric field, point 
charges q and -q are kept in equilibrium 
between them. The point charges are 
confined to move in the x direction only. If 
they are given a small displacement about 
their equilibrium positions, then the 
correct statements is/are 

(Single Correct Option, 2015) 
(a) both charges execute simple harmonic 
motion 
(b) both charges will continue moving in the 
direction of their displacement 
(c) charge + q executes simple harmonic motion 
while charge — q continues moving in the 
direction of its displacement 
(d) charge - g executes simple harmonic motion 
while charge + q continues moving in the 
direction of its displacement 


A conductor (shown in the figure) 
carrying constant current J is kept in the 
x-y plane in a uniform magnetic field B. If 
F is the magnitude of the total magnetic 
force acting on the conductor, then the 
correct statements is/are 

(More than One Correct Option, 2015) 


y 


a) if Bis along z, F œ (L + R) 
b) if B is along x, F = 0 
C) if B is along y, F « (L+ R) 
d) if B is along z, F =0 


( 
( 
( 
( 
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Passage (Q. Nos. 36-37) 


In a thin rectangular metallic strip a 
constant current I flows along the positive 
x-direction, as shown in the figure. The 
length, width and thickness of the strip are 
l, w and d, respectively. A uniform magnetic 
field B is applied on the strip along the 
positive y-direction. Due to this, the charge 
carriers experience a net deflection along 
the z-direction. 
This results in accumulation of charge 
carriers on the surface PQRS and 
appearance of equal and opposite charges on 
the face opposite to PQRS. A potential 
difference along the z-direction is thus 
developed. Charge accumulation continues 
until the magnetic force is balanced by the 
electric force. The current is assumed to be 
uniformly distributed on the cross section of 
the strip and carried by electrons. 

(Passage Type, 2015) 


Consider two different metallic strips (1 
and 2) of the same material. Their lengths 
are the same, widths are w, and w, and 
thicknesses are d, and dy, respectively. 
Two points K and M are symmetrically 
located on the opposite faces parallel to 
the x-y plane (see figure). V, and V, are 
the potential differences between K and 
M in strips 1 and 2, respectively. Then, 
for a given current I flowing through 
them in a given magnetic field strength B, 
the correct statements is/are 

(a) If w; = w, and d, = 2d,, then V, = 2V 

(b) If w} = w, and d, = 2a}, then V, = V, 

(c) If w; = 2w, and d, = d}, then V, = 2V 

(d) If w, = 2w, and d, = dy, then V, = V, 


Consider two different metallic strips (1 
and 2) of same dimensions (length J, 
width w and thickness d) with carrier 
densities n, and n5, respectively. Strip 1 
is placed in magnetic field B, and strip 2 
is placed in magnetic field B,, both along 


22 


38. 


39. 


positive y-directions. Then V, and V, are 
the potential differences developed 
between K and M in strips 1 and 2, 
respectively. Assuming that the current I 
is the same for both the strips, the correct 
options is/are 

(a) If B, = B; and n, = 2n», then V, = 2V, 

(b) If B, = B; and n, = 2n,, then V, = V, 

(c) If B, = 2B, and n, = n», then V, = 05V, 

(d) If B, = 2B, and n, = ny, then V, = V, 


A parallel plate capacitor has a dielectric 
slab of dielectric constant K between its 
plates that covers 1/3 of the area of its 
plates, as shown in the figure. The total 
capacitance of the capacitor is C while 
that of the portion with dielectric in 
between is Cj. When the capacitor is 
charged, the plate area covered by the 
dielectric gets charge Q, and the rest of 
the area gets charge @,. The electric field 
in the dielectric is Æ and that in the other 
portion is £j. Choose the correct 
option/options, ignoring edge effects. 

(More than One Correct Option, 2014) 


E E. 1 
alats] bala 
oE OF K 
(o) 9.2 3 (gj. een 

Q, K G K 


Let Ej, (r), E;(r) and E,(r) be the respective 
electric fields at a distance r from a point 
charge Q, an infinitely long wire with 
constant linear charge density à, and an 
infinite plane with uniform surface 
charge density o. If E (ro) = Es(ry) = Es (ro) 
at a given distance r), then 

(More than One Correct Option, 2014) 


(a) Q = 4onr5 
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Charges Q, 2Q and 4Q are uniformly 
distributed in three dielectric solid 
spheres 1, 2 and 3 of radii R/ 2, R and 2R 
respectively, as shown in figure. If 
magnitudes of the electric fields at point P 
at a distance R from the centre of spheres 
1, 2 and 3 are Ej, E; and Es respectively, 
then (Single Correct Option, 2014) 


$ R 
2Q 4Q 
R/2 
2R 


Sphere-1 Sphere-2 Sphere-3 
(a) E > E, > E3 (b) E > EL» E, 
(c) E, > E,» E3 (d) E4 > E, > E, 


Four charges Q1, Qo, Q, and Q, of same 
magnitude are fixed along the x-axis at 
x--—2a,—a,- a and 42a respectively. A 
positive charge q is placed on the positive 
y-axis at a distance b> 0. Four options ofthe 
signs of these charges are given in Column I. 
The direction of the forces on the charge q is 
given in Column II. Match Column I with 
Column II and select the correct answer 


using the code given below the lists. 
(Matching Type, 2014) 


+q, (0,6) 
Q1 Q2 Q3 Q4 
(-2a,0) (-a,0) (+a,0) (+2a,0) 
Column | Column Il 
P. Q, Q3, Q4, Q, all positive 1. +X 


Q. Q, Q, positive; Q}, Q, negative 


2 
R. Q, Q, positive; Q,, Q4 negative 3. +y 
4 


S. Q,,Q, positive; Q,,Q, negative =y 
Codes 
P QRS 
(a) 3, 1, 4, 2 
(b) 4, 2, 3, 1 
(c) 3, 1, 2,4 
(d) 4, 2, 1, 3 
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42. Two ideal batteries of emf V; and V, and 
three resistances R, R, and R; are 
connected as shown in the figure. The 
current in resistance R, would be zero if 

(More than One Correct Option, 2014) 


) V =V, and R; = P, = Rs 

) V =V, and R = 2R, = R} 
c) V = 2V, and 2R; = 2R, = R} 
(d) 2V 2 V; and 2R; 2 R, = R} 


43. During an experiment with a metre 
bridge, the galvanometer shows a null 
point when the jockey is pressed at 40.0 
cm using a standard resistance of 90 Q, as 
shown in the figure. The least count of the 
scale used in the metre bridge is 1 mm. 
The unknown resistance is 

(Single Correct Option, 2014) 


R 90 Q 
X— —— —» 
40.0cm 


(a) 60+ 0.15 Q 
(c) 60 + 0.25 Q 


(b) 135 + 0.56 Q 
(d) 135 + 0.23 Q 


44. Two parallel wires in the plane of the 
paper are distance X, apart. A point 
charge is moving with speed u between 
the wires 1n the same plane at a distance 
X, from one of the wires. When the wires 
carry current of magnitude Jin the same 
direction, the radius of curvature of the 
path of the point charge is R,. In contrast, 
if the currents Jin the two wires have 
directions opposite to each other, the 
radius of curvature of the path is Ry. If 
Xo = 8, and value of dur is 

1 2 
(Single Integer Type, 2014) 
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45. A galvanometer gives full scale deflection 
with 0.006 A current. By connecting it to 
a 4990 Q resistance, it can be converted 
into a voltmeter of range 0-30 V. If 


connected to a 2n Q resistance, it 
249 


becomes an ammeter of range 0-1.5 A. The 


value of n is (Single Integer Type, 2014) 


Passage (Q. Nos. 46-47) 


The figure shows a circular loop of radius a 
with two long parallel wires (numbered 1 
and 2) all in the plane of the paper. The 
distance of each wire from the centre of the 
loop is d. The loop and the wires are 
carrying the same current I. The current in 
the loop is in the counter-clockwise direction 
if seen from above. (Passage Type, 2014) 


46. When d = a but wires are not touching 
the loop, it is found that the net magnetic 
field on the axis of the loop is zero at a 
height h above the loop. In that case 
(a) current in wire 1 and wire 2 is the direction 

PQ and RS, respectively and h = a 

(b) current in wire 1 and wire 2 is the direction 

PQ and SR, respectively and h = a 

(c) current in wire 1 and wire 2 is the direction 

PQ and SR, respectively and h = 1.2a 

(d) current in wire 1 and wire 2 is the direction 

PQ and RS, respectively and h = 1.2a 


47. Consider d >> a, and the loop is rotated 
about its diameter parallel to the wires by 
30° from the position shown in the figure. 
If the currents in the wires are in the 
opposite directions, the torque on the loop 
at its new position will be (assume that 
the net field due to the wires is constant 
over the loop) 


1a? tala? 
(a20 a (b) Fo 
d 2d 
paaa (a) V3 noa" 
d 2d 


48. At time t= 0, terminal A in the circuit 
shown in the figure is connected to Bby a 


key and an alternating current 
I(t) = Ig cos (ot), with I, 2 1A and 
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49. 


50. 


œ = 500 rad s ! starts flowing in it with 
the initial direction shown in the figure. 


Att= — the key is switched from Bto D. 
(6) 


Now onwards only A and D are connected. 

A total charge Q flows from the battery to 

charge the capacitor fully. If C = 20 uF, 

R - 10 O and the battery is ideal with emf 

of 50 V, identify the correct statement(s). 
(More than One Correct Option, 2014) 


e == = 50V 
9 C=20uF 


AWW 
R=102 


(a) Magnitude of the maximum charge on the 
capacitor before t = = is1x 10°C 


(b) The current in the left part of the circuit just 
7T. ; 
before t = — is clockwise 
60 


(c) Immediately after A is connected to D, the 
current in Ris 10A 
(d) Q22x10?C 


Two non-conducting solid spheres of radii 
R and 2 R, having uniform volume charge 
densities p, and p, respectively, touch 
each other. The net electric field at a 
distance 2 R from the centre of the 
smaller sphere, along the line joining the 


centre of the spheres, is zero. The ratio = 

canbe (More than One Correct Option, nu 
32 

(a) ; : (b) E 

(c) — a (d) 4 


In the circuit shown in the figure, there 
are two parallel plate capacitors each of 
capacitance C. The switch S; is pressed 
first to fully charge the capacitor C, and 
then released. The switch S; is then 
pressed to charge the capacitor C5. After 
some time, S, is released and then S, is 
pressed. After some time 

(More than One Correct Option, 2013) 


51. 


52. 
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DIT 


a) the charge on the upper plate of C, is 2 CV, 
b) the charge on the upper plate of C, is CV, 
) 
) 


( 
( 
(c) the charge on the upper plate of C, is O 

(d) the charge on the upper plate of C, is - CV, 
Two non-conducting 
spheres of radii R, 
and R, and carrying 
uniform volume 
charge densities +p 
and - p, respectively, are placed such that 
they partially overlap, as shown in the 
figure. At all points in the overlapping 
region (More than One Correct Option, 2013) 


(a) the electrostatic field is zero 

(b) the electrostatic potential is constant 

(c) the electrostatic field is constant in 
magnitude 

(d) the electrostatic field has same direction 


A particle of mass M and positive charge 
Q, moving with a constant velocity 
u, = 4ims', enters a region of uniform 


static magnetic field normal to the x-y 
plane. The region of the magnetic field 
extends from x = 0 to x= L for all values 
of y. After passing through this region, 
the particle emerges on the other side 
after 10 milliseconds with a velocity 
uy = 2(43i + j) ms™. The correct 
statement(s) is (are) 
(More than One Correct Option, 2013) 

(a) the direction of the magnetic field is -z 

direction. 
(b) the direction of the magnetic field is +z 


direction 
507M 


(c) the magnitude of the magnetic field is 


units. 


(d) the magnitude of the magnetic field is 
100xM 
3Q 


units. 
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53. A steady current J flows along an 
infinitely long hollow cylindrical 
conductor of radius R. This cylinder 1s 
placed coaxially inside an infinite 
solenoid of radius 2R. The solenoid has n 
turns per unit length and carries a steady 
current J. Consider a point P at a distance 
r from the common axis. The correct 
statement(s) is (are) 

(More than One Correct Option, 2013) 
(a) In the region O< r < R, the magnetic field is 
non-zero 
(b) In the region H « r « 2H, the magnetic field is 
along the common axis 
(c) In the region R < r < 2R, the magnetic field is 
tangential to the circle of radius r, centered 
on the axis 
(d) In the region r > 2R, the magnetic field is 
non-zero 


Passage (Q. Nos. 54-55) 


A point charge Q is moving in a circular orbit of 
radius R in the xy plane with an angular 
velocity œ. This can be considered as equivalent 
Qo. 
2n 
uniform magnetic field along the positive z-axis 
is now switched on, which increases at a 
constant rate from 0 to B in one second. Assume 
that the radius of the orbit remains constant. 
The applications of the magnetic field induces 
an emf in the orbit. 


to a loop carrying a steady current 


The induced emf is defined as the work done by 
an induced electric field in moving a unit 
positive charge around a closed loop. It is known 
that, for an orbiting charge, the magnetic dipole 
moment is proportional to the angular 
momentum with a proportionality constant y. 
(Passage Type, 2013) 


54. The change in the magnetic dipole 
moment associated with the orbit, at the 
end of the time interval of the magnetic 
field change, is 


2 
(a) yBQR? (b) EL 
2 
(gj 5898 (d) yBQR? 


2 


55. 


56. 


57. 
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The magnitude of the induced electric 
field in the orbit at any instant of time 
during the time interval of the magnetic 
field change is 

BR — BR 
(a) Es (b) —— 


(c) BR (d) 2BR 


Passage (Q. Nos. 56-57) 


A thermal power plant produces electric 
power of 600 kW at 4000 V, which is to be 
transported to a place 20 km away from the 
power plant for consumers' usage. It can be 
transported either directly with a cable of 
large current carrying capacity or by using a 
combination of step-up and step-down 
transformers at the two ends. The drawback 
of the direct transmission is the large 
energy dissipation. In the method using 
transformers, the dissipation is much 
smaller. In this method, a step-up 
transformer is used at the plant side so that 
the current is reduced to a smaller value. At 
the consumers’ end a step-down transformer 
is used to supply power to the consumers at 
the specified lower voltage. It is reasonable 
to assume that the power cable is purely 
resistive and the transformers are ideal 
with a power factor unity. All the current 
and voltages mentioned are rms values. 
(Passage Type, 2013) 


If the direct transmission method with a 
cable of resistance 0.4 Q km ! is used, the 
power dissipation (in ?6) during 
transmission is 
(a) 20 (b) 30 


(c) 40 (d) 50 


In the method using the transformers, 
assume that the ratio of the number of 
turns in the primary to that in the 
secondary in the step-up transformer is 
1:10. If the power to the consumers has to 
be supplied at 200V, the ratio of the 
number of turns in the primary to that in 
the secondary in the step-down 
transformer is 
(a) 200: 1 

(c) 100: 1 


(b) 150:1 
(d) 50:1 


Answer with Explanations 
n (d) 


V R At centre of ring, B due to wires is along X-axis. 
=- |41-e 2 
h R ee Hence Z-component is only because of ring which 
-Bd (Ep 
er " B= (-k). 
From principle of superposition, 2R 
l= h -l> 3. (1 .50) 
y -£ tR dB 
— “OL — “2L IUE + H 
= m i e J (i) Vo=8V = Before HE anc 
dl Al 

/is maximum when oe which givese 24 “5 or 
2L 

t=—In2 Buc HL Ca 
ii —— +5uC 

Substituting this time in Eq. (i), we get i After 1uF a 

V T u 
nax =— ——3uC 
"B ae IMF FEG 
2. (a,b,d 
( ) Applying loop rule, 
dede dy a oe he dg 
1 &g 31 £, 
4. (2 m/s) If average speed is considered along X-axis, 
R= R, = ™0 -Mo > Bip, 
qB; qBə 49B; 
X=-R N 
Cy v, 

(a) At origin, B=0 due to two wires if /, 2/5, hence Distance travelled along x-axis, Ax = 2 (R4 + Ro)= SMVo 
(Bet ) at origin is equal to B due to ring. which is 29B, 
non-zero. Total time T i T, mm , mm 

(b) If 4>0 and /,<0, B at origin due to wires will be _ 2 2 qB, qB 
along + k. Direction of B due to ring is along -k An WM Sam 
direction and hence B can be zero at origin. qB, 4qB, 4gB, 

SMV 9 


(c) If 4<0 and /5» O, B at origin due to wires is 
-k -k i ; 2g9B 

along —k and also along -k due to ring, hence Magnitude of average speed = 1 —2 m/s 
B cannot be zero. 5um 


Previous Years' Questions (2018-13) 


5. (a, b) PQ = Q) R sin 60° 


- QR) E = (V3R) 
q enclosed = A V3R) 
We have, o= Gendosd _5 bs | 


£p £o 


X 


Also, electric field is perpendicular to wire, so 
Z-component will be zero. 


6. (2  a- = 19 sin10%) 
m m 


v t 
OV... 103 sino%) = [av = [10° sin(10%t) at 
dt 
0 0 
3 
v= 19 H -cos (10%)] 
10° 
Velocity will be maximum when cos(10?t) = — 1 


Vmax = 2 m/s 
7. (5.55) Given, N = 50, 
A=2 x10“ m°, C =107,R = 509, 
B = 0.02 T,90 =02 rad 
Ni, AB = CO 
-4 
> d ES 19 = =01A 
NAB 50x2x 10% x 0.02 
V» =ig XG =(i-ig)S 
0.1x 50=(1-0.1)xS 
S 
— —NNNNNNN 
i-ig 


8. (b) List-Il 
ifs 1 Q 


Ane, d? d? 
1 2Q(2/) 1 


10. 


2/ 


yE- A _ AI) 
2neg(d -/]) 2ne(d+!l) 2meg? 
1 
=> Ex ga 
(E-2.9. = Eisindependent of d 
2 £g 


- (b) When switch is closed for a very long time 


capacitor will get fully charged and charge on 
capacitor will beg = CV 
Energy stored in capacitor, 


1 
Eo - z (i) 


Work done by a battery, 
W = Vg = VCV =CV? 
Energy dissipated across resistance 
Ep = (work done by eq. battery) — (energy stored) 


1 1 : 
Ep = CV? - —CV? = —CV? aH 
D 5 5 (ii) 


From Eqs. (i) and (ii), we get 
Ep = Ec 

(a) For process (1) 

Charge on capacitor = % 


2 2 
Energy stored in capacitor = 1c M = cvy 
2 9 18 


2 
Work done by battery = Um x i - E 


2 2 2 
Heat loss = S10. - OL CR 


18 18 
For process (2) 


Charge on capacitor = 2c 


Extra charge flow through battery — % 


2 
Work done by battery = M. — = E 


Ze) _ 40V? 
3 18 
4CVS CV$ 30Vi 
18 18 18 
Heat loss in process (2) = work done by battery in 
process (2) — energy store in capacitor process (2) 
2CV? 3CV? _ CVG 
9 18 18 


Final energy stored in capacitor = se 


Energy stored in process 2 
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11. 


12. 


13. 


14. 


For process (3) 

Charge on capacitor = CV; 

Extra charge flown through battery 

2CVo _ CVs 

3 3 

Work done by battery in this process 

Zh) GV 
=| 2 (V) = 20 

(Se hu) =F 


= CV- 


Final energy stored in capacitor = to 


Energy stored in this process 
i cv? 4CV:  5CVi 
2 18 18 
Heat loss in process (3) 
CV; 5CV$ CV 
3 18 18 
Now, total heat loss (Ep) 
CVs, Ccv$,CV$ CV 
18 18 18 6 


Final energy stored in capacitor — to 


So we can say that Ep = s(so) 


(C) For particle to move in negative y-direction, either 
its velocity must be in negative y-direction (if initial 
velocity + 0) and force should be parallel to velocity or 
it must experience a net force in negative y-direction 
only (if initial velocity = 0) 

(a) Fi. =F. + Fg- qE* qv xB 

For particle to move in straight line with constant 
velocity, Fae = 0 


gE+qvxB=0 


(C) For path to be helix with axis along positive 
z-direction, particle should experience a centripetal 
acceleration in xy-plane. 

For the given set of options only option (c) satisfy the 
condition. Path is helical with increasing pitch. 


(a) 2 


he s . 
B, = V9 [sino + sin 
12 2e P] 
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a = 60° and p = - 30° 


_ Ho [v3 1 
4nd| 2 2 
B — ud | 43-1 
qeu alls 
4nd 2 
d-a 
By = 12 By; 


4nd 2 471a 


-12 x Hol [zr Mo eta 1] 


15. (b,c) (a)| AP |= J2p 


x x x 
p 
Pa—y 
d x x x 
ES p 
x x x 


(bD)r(1—cos0)2R = rsine zu 
2sin® cos 9 
sind — 3 2 2 3 
1-c080 2 5g 2 
2 r 
r 
ttes => tan z2 
2 3 
(=) 4 
=> tang = 5342 3 12 
4-4 5 5 
9 9 
13 
12 
Z) 
5 
sine = 2 (=) 3R., 13R P.B 8P 
13 13 2 8 QB 13QR 
P 3h 2P 
() <B> = 
QB 2 3QR 
(re gorz Iv > dæm 
QB QB 
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16. (a,b) Ato = 0, Xc = — = oo. Therefore, current is 
[or 


nearly zero. 


Further at resonance frequency, current and voltage 
are in phase. This resonance frequency is given by, 


1 6 
o, = = = 10° rad/s 
^ VLC foe x 1079 


We can see that this frequency is independent of R. 
Further, X, = aL, Xo = — 
oC 


At, œ = œ, = 10° rad/s, X, = Xo. 
For@>@,, X, > Xe. So, circuit is inductive. 


17. (b,d) The net magnetic flux through the loops at timet 


is 
$ = B(2A — A)cos wt = BA cos at 
SO, 2 = BoAsinat 
at 
do|. : 
E m is maximum when 6 = œt = 1/2 


The emf induced in the smaller loop, 
d (BA cos at) = BoA sinat 


smaller = 7 a 


-. Amplitude of maximum net emf induced in both the 
loops 

= Amplitude of maximum emf induced in the smaller 
loop alone. 


18. (a,b,c) S 
maa 


vC) L93 Lo 


Since inductors are connected in parallel 


dl. dl. 
V, -V.; Lh-—-2L,— 
iF lo ia 2 
h L 
Ll, = Lolo; A = 72 
11 22 l É 
Current through resistor at any timet is given by 
RT 
[= Va e L) where L= LLa 
R L+ L, 
After long time / = z 
h ll sat) 
Lh = La, (ii) 
From Eqs. (i) and (ii), we get 
V Ls V 4 
17 = aS 
RL+ L, R L+ L) 


(d) Value of current is zero att = 0 
Value of current is V/R att = ee 
Hence option (d) is incorrect. 
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19. (b.c) Vw = vesin( ot + z) — Vasin wt 


= LC + 2z) + Vosin(wt + 7) 


2n mx 
3 3 


=> Vy =2V,cos (z) -43WVW, 


> o=T 


— Vy =V3Vp sinat + à) 
V, 
= (Vey Jems = (Wz )rms PS B 


EJ 
20. (d) Suppose charger per unit length at À 
any instant 
E | eL 
Initial value of A is suppose Ao. 
Electric field s at a distance r at any 
instant is 
-2 
2mngr 
J2cE- " 
2 mer 
j=% = WA) = -Jo2 mul 
dA X 
L2 x o2 nrl =) 
dt 2 Ter q 
X t E 
[2A --S[q sarang * 
do A $75 
- -—t 
9 4 Oo e * =de" 
2 ner 2 ner 
Here, Jo = os. 
2 mer 


.. J(F) decreases exponentially as shown in figure below. 


J@ 


(0, 0) 


21. (a,b,c,d) Just after pressing key, 
5 — 25000/, = 0 
5 — 50000/, = 0 (As charge in both capacitors = 0) 
>i,=02mMA => i,-01mA 
and Vz + 25000/; = V, = Va - V, 5V 
After a long time, /, and j» = 0 (steady state) 


qı 

> 5 02 200uC 

40 Q4 u 
qo _ = 

and 5-+2=0 => = 100uC 
20 q2 H 


Vy-932-V, 2 Vs 


V, + 5V 
20 d 


30 


22. 


23. 


— (8) is correct. 
For capacitor 1,9, = 200[1 - e^] uC 


i, 2 le" mA 
5 


For capacitor 2,9; = 100[1 —e *"]uC 
1 


in = et" mA 
10 
= Vg - 924 i, x25 = V, 
20 
> Ve — Va = 50 -e*]- 5e* 
--5[t- 2e] 


At t zIn2, Vg - Vi = 5[1- 1]20 
— (b) is correct. 


At t=1/ =h + Io 6774 . 
5 10 10 e 
hb ed dpi 3 
5 10 10 


— (C) is correct. 
After a long time, /, = /5 = 0 — (d) is correct. 


(d) Balls will gain positive charge and hence move 
towards negative plate. 

On reaching negative plate, balls will attain negative 
charge and come back to positive plate. 

and so on, balls will keep oscillating. 

But oscillation is not S.H.M., 

As force on balls is not e x. 

— option (d) is correct. 


(a) As the balls keep on carrying charge form one 
plate to another, current will keep on flowing even in 

steady state. When at bottom plate, if all balls attain 

chargeq, 

Kg nfk L | ge 
r ANE k 


Inside cylinder, electric field 
E = [Vy - (- Vo)]h= 2Voh. 
= Acceleration of each ball, 


— Time taken by balls to reach other plate, 
" E Es o1 {2 
a 2hV$ VV r 
If there are n balls, then 
Average current, 


; nq Vor r ; 2 
y= =nx x V, — e V, 
av t k 0 km av 0 


24. 


25. 


26. 
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(c,d) Because of non-uniform evaporation at different 
section, area of cross-section would be different at 
different sections. 
Region of highest evaporation rate would have rapidly 
reduced area and would become break up 
cross-section. 
Resistance of the wire as whole increases with time. 
Overall resistance increases hence power decreases. 
2 

[^ = Y or P œ 1 as V is constant) At break up 

R R 
junction temperature would be highest, thus light of 
highest band frequency would be emitted at those 
cross-section. 


(a,c) By reciprocity theorem of mutual induction, it can 
be assumed that current in infinite wire is varying at 
10A/s and EMF is induced in triangular loop. 


LIII LA o dy 


Flux of magnetic field through triangle loop, if current in 
infinite wire is à, can be calculated as follows: 


de - ES .2ygy, = ge- %ay 
2ny T 


ETEA 


m \V2 
a e I di 
> EMF - (9) = 
E x A42 ) dt 
= Fato om(10^ = Be voi 
T S T 


If we assume the current in the wire towards right then 
as the flux in the loop increases we know that the 
induced current in the wire is counter clockwise. 
Hence, the current in the wire is towards right. 
Field due to triangular loop at the location of infinite 
wire is into the paper. Hence, force on infinite wire is 
away from the loop. 
By cylindrical symmetry about infinite wire, rotation of 
triangular loop will not cause any additional EMF. 


(a,c) For maximum range of voltage resistance should 
be maximum. So, all four should be connected in 
series. For maximum range of current, net resistance 
should be least. Therefore, all four should be 
connected in parallel. 
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27. (8) Li-imH 4=4Q 
^0000000^ ANNA 
Lo-2mH  ro-4Q 
OUST — —MWNv 
R=12 Q 
n 
|! 
e=5V 
£ 5 o 
lL ——--—A Initially att = 0 
lius ( y ) 
In = £ 1 + 3 + ’ (finally in steady state) 
Ra h mn R 
s: i 1 1 ) 10A 
3 4 12 3 
Imax =8 
hain 
28. (b,c) —V 
X XX 
X XX 
X X|x 
X X|x 
X X|x 
E X X|x 
X X|Ix 
X X|x 
X X X 
X XX 
=< 
When loop was entering (x < L 


p = BLx 
e=- d =— L% 
dt dt 
le| = BLv 
j= = = a (anticlockwise) 
BPL*’v 
F = ilB (Left direction) = ——— (in left direction) 
- F B° . you 
m mR dx 
dv By BI? ¢ 
dx mR J o [5 
BI 
>V =V- x 
mR 


(straight line of negative slope for x < L) 


|= Zy — (/ vs x will also be straight line of negative 


slope forx < L) L< x< 3L 


XXXXXXXXX 
X XIX X X X X|X X 
X XX X X X X|X X 
X XX X X X X|X X 
XXXXXXXXX 


3] 


B 
< 


> X> 4L >e 


XXXXXXXXX 
WWW 

X X|xX X XK XK XIX X 

xxxxxxxxxl 

X 

X XX X KX XK XIX X 
< 

XXXXXXXXX 


— X — 


Force also will be in left direction. 


j= = (clockwise) 


BI? EN 


mR “x 


F ev [- BL BU r= | d 


a=- 


B 
x-L)=v;-v 
mR ( J- V; V} 
pi? 
Vp — Vi — E — -(x- L) (straight line of negative slope) 
m 
BLv ; : : ; 
Iz wT (Clockwise) (straight line of negative slope) 


29. (6) ANBP is cross-section of a cylinder of length L. The 
line charge passes through the centre O and 
perpendicular to paper. 


AM = a MO = 
a 


_4( AM af 
ZAOM = tan"! = tan j| ) = 30° 
*" 43 


Electric flux passing from the whole cylinder 
298. A 
t9 £ 


*. Electric flux passing through ABCD plane surface 
(shown only AB) = Electric flux passing through 
oylindrical surface ANB 


z (sss jo = Es 


n=6 


32 


30. (d) The sphere with cavity can be assumed as a 


complete sphere with positive charge of radius R, + 


another complete sphere with negative charge and 
radius Rp. 


E, > E due to total positive charge 
E > E due to total negative charge. 
E=E,+E_ 


If we calculate it at P, then E. comes out to be zero. 


E-E, 


and E, = —.— (OP) in the direction of OP. 
Ane, R? 


Here, q is total positive charge on whole sphere. 
It is in the direction of OP ora. 


Now, inside the cavity electric field comes out to be 
uniform at any point. This is a standard result. 


31. (d) 


C, = ES “05 _ 2e,s 
d a2 d 
S 
C= a _ 4898 
d/2 d 
be,” 
and C"^- 2-86 
d d 
C CC’ | Aw _ 4 ES , Eos 
2 ra i 
C+C 3d d 
nim EET 
3d C, 3 
32. (bj ee [A | J 
R Fa Fre Pal Pre J£ 
da 2 — 3 
27 10}10° 50x10? 
Solving we get, R = 1875 x 14076 a= 1875 po 
64 64 
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33. (1) 
6.5V 
20 U 40 
AWWW AWWW 
20 
Q 
| 62320 m 
ial 100 
| 1208 40 
29 y 
ANW- 
60 i20 
[es wml 
ay 100 
120$ i40 
20 
60 20 
6.5V == 
120 $40 
20 Ju 
4 
6.5V T 4.50 
34. (c) At the shown position, net force on both charges is 


35. 


zero. Hence they are in equilibrium. But equilibrium of 
+q is stable equilibrium. So, it will start oscillations 
when displaced from this position. These small 
oscillations are simple harmonic in nature. While 
equilibrium of —g is unstable. So, it continues to move 
in the direction of its displacement. 


(a,b,c) 


y 
R ath g Ga 


Force on the complete wire = force on straight wire PQ 
carrying a current /. 
F = (PQ x B) 
= I[{2(L + R)i} x B] 
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36. 


37. 


38. 


39. 


This force is zero if B is along i direction or x-direction. 


If magnetic field is along j direction ork direction, 
|F| = F =(/)(@)(L + R)Bsin90° 

or F=2KL+ R)B 

or F «(L +R) 

-. Options (a), (b) and (c) are correct. 


(a;d) Fa = Bev = Be! = FI 
nAe nA 
F,=eE = Fi =F, 
aad = BS 
nA nAe 
VaEd Bl m Blw BI 
nAe n(wdje ned 
NU 
Vo, d 
—ifw, =2w, and d, «d» 
V = Vo 
-. Correct answers are (a) and (d). 
(a,c) V = BE ‘ee sc y ta 
ned V, By m 


If B, = B; and n, = 2n,, then V, = 2V, 
If B, = 2B, and n, = no, then V5 = 0.5V 
-. Correct answers are (a) and (c). 


(a,d) C 2 C, + C; 
Q= KeoA/3 Gis £92 A/3 
d d 
5 q= K*2* , C K-«2 
3d C, K 


Also, E; = E> = T where V is potential difference 


between the plates. 


Q À o 
(c, d — = = 
ANE) | 2T£yo  2£o 
Q =2 r0 


(a) is incorrect, ry = Be 
TO 
(b) is incorrect, E; (2) = 4E; (ro) 
AS Ej = — 
E, (2) BEA) as Eje. 
2 r 


=> (c) is correct 


as E,«r 
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— (d) is incorrect 


KQ 1 
40. (c) E, = P where k — 


E,- KeQ) gos PAD 


AUSTR nd E ee ee 


(QR oR? 


3 


41. (c) (P) Component of forces along x-axis will vanish. 
Net force along positive y-axis 


(Q) Component of forces along y-axis will vanish. Net 
force along positive x-axis 


i 
7 


+Q +Q 


N 


=) 


(R) Component of forces along x-axis will vanish. Net 
force along negative y-axis 


F4 


X "NC 

-Q +Q 

(S) Component of forces along y-axis will vanish. Net 
force along negative x-axis 


/ 
7 


+Q -Q 
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42. (a,b,d) Let us take Vp = 0. Then potentials across 
R4, Rə and R, are as shown in figure (ii) 
In the same figure 
Vi 
| R, 


Mio ve 


Current through R» will be zero if 

MIR 

Vo R3 

In options (a), (b) and (d) this relation is satisfied. 


Y=0 > 


43. (c) For balanced meter bridge 

Xo E (where, R = 90 9) 
R (100-7 
DOCE 
90 100- 40 


X-600 
l 

(100 — 2) 

AX AI, Al _ 01, 04 
X 1 100-1 40 60 


X=R 


AX = 0.25 
So, X =(60+ 0.25) Q 
I 
44. (3) B, = v a 


27X,  2m(Xy— X) 
(when currents are in opposite directions) 
B, Lo! Hol 
2n% 2m(Xg- X) 
I l 


X—X|—3-4—X92X9- 
(when currents are in same direction) 
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Substituting x, = X9 (as X6 = 3) 
3 X 
B, = 3Ho! | 3uol _ So! 
i 


271X9  4mX9j 4TXo 


R = and B, = Wd 


qB; 4TXp 
LE m 
JB, R, B 3 
45. (5) ig 4990 Q 
4—— V—____» 
i, (G + 4990) = V 
E 4990) = 30 
1000 
= G 4990 2 5000 


> G=102 


Vb 7 Mg LT =(1.5-1)2 
S 
C d 
(1.5215) 
»- > G 
15A 8 ig © b 
> 6 x10 = (5 B Je 
1000 1000 
60 2n 249x 30 2490 


5 


> nN 
1494 249 1494 498 


46. (c) B4 - B due to ring 
B, - B due to wire-1 
B, = B due to wire-2 


In magnitudes B, = B, = Hol 
2m 


Resultant of B4 and B; 


-22B,cos0-2 (24 (5)- E 
2n Vr nr? 


Previous Years' Questions (2018-13) 


HoR? _ 2u gna? 
2(R? + xy? Anr? 
As R-a x-h and a? +h? =r? 
For zero magnetic field at P, 
Hoh _ 2u gna? 


nr? Anr? 


> ra? =2rh 2ms12a 


47. (b) Magnetic field at mid-point of two wires 
= 2 (magnetic field due to one wire) = 2 E z 


2nd 
NITE 
nd 
Magnetic moment of loop M = IA = I ra? 
2.2 
Torque on loop = MB sin 150° = a 


Q fiat J (h cos at) at 


48. (c,d) ?9. =) 
dt 


Just after switching 


-Q, 
Q,-1mC. ++ + = agii 
Qı 
+ m 
»— 
R=10Q 
In steady state 
Q2 
FEFE mE 
=== T 50V 
-Q» 
R=10Q 
At I: PE or of = DT 
60 6 


Current comes out to be negative from the given 
expression. So, current is anti-clockwise. 
Charge supplied by source fromt = Oto 


TT uA 
T 2n Q= [85 cos (500%) at 
60 0 


m gin 7 
_ E e B 6 - 4mC 
500 lo 500 


Apply Kirchhoff's loop law just after changing the 
Switch to position D 
50 + m. IR=0 
C 


33 


Substituting the values of Q4, C and R we get 
1-10A 

In steady state Q, = CV = 1mC 

-. Net charge flown from battery = 2 mC 


49. (b,d) At point P 


If resultant electric field is zero then 


KQ; KQ»& g Pi_y 
4R?  8R? Po 
At point Q 
If resultant electric field is zero then 
KQ, | KQ» = 
4R?  25R? 
UM (p must be negative) 
P2 25 


50. (b, d) After pressing S, charge on upper plate of C4 is 
+ 2CVp. 
After pressing S, this charge equally distributes in two 
capacitors. Therefore charge an upper plates of both 
capacitors will be + CV; . 
When S; is released andS is pressed, charge on 
upper plate of C, remains unchanged (= + CVj) but 
charge on upper plate of C, is according to new 
battery (= — CVj). 


51. (c,d) For electrostatic field, 


Field at P 
Ep =E; + E, = opo cop 
3£9 3£o 
=? (CP PC.) 
3E 
Ep =P cc, 
3£0 


For electrostatic. Since, electric field is non-zero so it is 
not equipotential. 


52. (a,c) u = 4; v = 2(V3i + j) 


X X X X 
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According to the figure, magnetic field should be in & 
direction, or along -z direction. 


V 2 1 
Further, tang = — = “_ = —_ 
Vy 243 V3 
0-230? or dv 
6 


= angle of v with x-axis 
= angle rotated by the particle 


=Wt = (5) 
M 
= M __ 507M nits (ast = 10? second) 
6Qt 3Q 
53. (a,d) Q 
P 


P — Hollow cylindrical 
conductor 


2R Q = Solenoid 


In the region, O< r< R 
Bp = 0, 

Bg # 0, along the axis 

5 But #0 

In the region, R<r<2R 


Bp # 0, tangential to the circle of radius r, centred on 
the axis. 


Bo # 0, along the axis. 

^. Bae # O neither in the directions mentioned in 
options (b) or (c). 

In region, r » 2R 
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2m 2m 
2 
= (2) (mR ^o) QoR 
2m 2 
Induced electric field is opposite. Therefore, 
W =@ -— at 
BR 
Q)| — |R 
.-:. 0n ' (5 ) . QB 
| mR? mR? 2m 
, QB QB 
w = -1=0 
2m 2m 
^D2 2 
M, Qo'R ofo =) 
2 2m) 2 
2 2 
AM = M; — Mj Gree 
4m 
QBR? Q ) 
M=- as y = — 
T 2 ( x 2m 


55. (b) The induced electric field is given by, 


do or El- (2) 
dt 


$ E-al a 


-~ E XR) = —(mR)(B) 


or ED 
2 
56.(b  P-vi 
3 
nr PE E dA 
V 4000 


Total resistance of cables, 
R = 0.4 x 20 = 802 
-. Power loss in cables 
= i?R = (150^ (8) 
= 180000 W = 180 kw 
This loss is 30% of 600 kW. 


57. (a) During step-up, 


Byron d 
S Vs 
1 4000 
Or es 
10 V. 


Or V, = 40,000 V 

In step, down transformer, 
N, V, _ 40000 200 
N, Vs 200 1 


